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ABSTRACT
Pea (Pisum sativum L.) is an important cool season food legume for sustainable
food production and human nutrition due to its nitrogen fixation capabilities and nutrientdense seed. However, phosphorus (P) can be a major limiting nutrient for pea production,
as their nodules require additional amounts of P to perform and maintain nitrogen
fixation activity, and for adequate biomass and yield. To determine if genetic variation
exists in pea’s ability to take up and remobilize P from the soil, we conducted a
greenhouse experiment to collect tissues at two developmental stages from plants grown
under a normal and reduce P fertilizer regiment. By analyzing P concentrations across
lower leaves, upper leaves, and seeds at pea mid and full maturity using ICP-OES, we
were able to determine that genotype plays a significant (p < 0.001) role in P
concentration across tissues. Additionally, we observed that some pea accessions were
able to better remobilize P from mature to developing tissues under reduced P conditions,
meaning these accessions may grow and yield better than other accessions under P
deficiencies. Additionally, little genomic research has been conducted for pea in terms of
biofortification. Biofortification is the strategy of improving a crop’s nutritional quality
through conventional breeding practices to combat hidden hunger, which is a term used
to describe micronutrient deficiencies present in a population. Pea is highly nutritious,
rich in iron, zinc, prebiotic carbohydrates, and fiber, all of which can positively impact
human health through incorporation into the diet. To determine if the development of
biofortified pea varieties is possible, we conducted a genome wide association study
(GWAS) to identify genomic loci associated with iron, zinc, calcium, phosphorus,
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potassium, as well as phytic acid, which is an antinutrient that decreases the availability
of micronutrients during digestion. We found that calcium exhibits moderate broad-sense
heritability estimates, while all other minerals and phytic acid have low heritability
estimates, meaning their concentrations are likely influenced by the environment rather
than genetic factors. Additionally, we were able to identify several significant genomic
loci for iron, zinc, and phosphorus concentration in the seed, as well as identify candidate
genes associated with the phenotype. Overall, this work contributes to our understanding
of nutritional traits and the future of biofortification and genomic research in pea.
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RESEARCH OVERVIEW

HYPOTHESIS 1: Genetic variation exists in pea (Pisum sativum L.) for traits involved
in phosphorus (P) uptake and remobilization from the soil to the seed.

EXPERIMENTAL DESIGN: Two replicates of 25 “high” P and 25 “low” P pea (n=50)
accessions were grown under 0.2M and 0.1M KH2PO4 in the greenhouse. Two plants
were grown in the same pot and at mid and full-maturity, lower leaves, upper leaves, and
seeds were harvested. The tissues were dried, digest, and analyzed for P and phytic acid
concentrations using ICP-OES and HPAE-CD.

OBJECTIVE 1: Determine if the accession significantly (p < 0.001) contributes to P
concentration in pea
OBJECTIVE 2: Identify whether accessions differ in their capacity to remobilize P and
accumulate P in the seed under different soil P conditions
OBJECTIVE 3: Measure the heritability of P concentrations across tissues to determine
how much of the P concentration is influenced by genetic variation, as well as evaluate
breeding potential
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HYPOTHESIS 2: There are genomic regions that are significantly associated with
mineral and phytic acid concentrations in mature pea (Pisum sativum L.) seed.

EXPERIMENTAL DESIGN: Three replicates of 299 pea accessions were grown in the
greenhouse under optimal water and fertilizer conditions. All of the seed was harvested
and ground up once plants reached full maturity. The seed samples were then digest and
analyzed for all mineral and phytic acid concentrations using ICP-OES and HPAE-CD.
The GBS data for each accession was aligned to the pea reference genome, and statistical
analysis was conducted to quantify population structure. Finally, GAPIT was used to
conduct a GWAS for each mineral and identify any single nucleotide polymorphisms
(SNPs) associated with seed mineral and phytic acid concentrations. Candidate genes for
mineral concentration were then identified based on linkage disequilibrium estimates.

OBJECTIVE 1: Measure all mineral concentrations for the study population (n=299) to
observe phenotypic variation and the heritability of minerals for biofortification purposes
OBJECTIVE 2: Align all GBS data from the Pea Single Plant Plus Collection (PSPPC)
to the reference genome for the first time and obtain a VCF/HapMap file for GWAS
OBJECTIVE 3: Utilize GWAS to identify significant SNPs and candidate genes
associated with minerals concentrations to better understand mineral metabolism, as well
as identify targets for future studies related to seed nutritional quality and biofortification
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CHAPTER ONE
CHECKING AGRICULTURE’S PULSE: PEA (PISUM SATIVUM L.),
SUSTAINABILITY, AND PHOSPHORUS USE EFFICIENCY

Abstract
Investigations regarding the incorporation of better sustainable production
strategies into current agricultural-food systems are necessary to grow crops that reduce
negative impacts on the environment yet will meet the production and nutritional demand
of 10 billion people by 2050. The introduction of organic, alternative staple food crops,
such as nutrient-dense pea (Pisum sativum L.), to the everyday diet, may alleviate
micronutrient malnutrition and incorporate more sustainable agriculture practices globally.
Varieties are grown in organic systems currently yield less than conventionally produced
foods, with less bioavailable nutrients, due to poor soil nutrient content. One of the most
limiting nutrients for pea is phosphorus (P) because this legume crop requires significant
inputs for nodule formation. Therefore, P use efficiency (PUE) should be a breeding target
for sustainable agriculture and biofortification efforts; the important role of the soil
microbiome in nutrient acquisition should also be examined. The objectives of this review
are to highlight the benefits of pea for organic agriculture and human health and discuss
nutritional breeding strategies to increase pea production in organic systems. Pea and other
pulse crops are underrepresented in agricultural research yet are important crops for a
sustainable future and better food systems. Furthermore, because pea is consumed globally
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by both developed and at-risk populations, research efforts could help increase global
health overall and combat micronutrient malnutrition.

Introduction
The Green Revolution is indisputably one of the most critical feats in recent
agricultural history, but what has it cost our soils, crops, and environment as a whole? One
result of the focus on mass production in monocultural systems for prolonged periods is
the over-application of fertilizers and pesticides, which is a prevalent issue associated with
conventional farming methods (Ponisio et al., 2015). As a result, soil fertility and microbial
biodiversity have decreased while rates of environmental pollution and greenhouse gas
emissions continue to increase (Amundson et al., 2015; Peoples et al., 2019; Reganold et
al., 1987; Reganold & Wachter, 2016). Organic agriculture offers a potential solution to
these problems, as organic production relies on environmentally friendly practices to
increase soil fertility. However, current varieties bred for conventional systems do not
perform as well in organic soils, resulting in reduced yield and nutritional quality. The
agriculture industry as a whole has also begun to deplete the natural mineral deposits on
which crops depend, such as phosphate rock, which is a nonrenewable resource (van de
Wiel et al., 2016). Organic and conventional agriculture both use phosphorus rock for
around 90% of the phosphorus (P) found in fertilizers, feed, and other food additives;
however, most P is subsequently lost from the food system due to mining and field
practices (Amundson et al., 2015; Cordell & White, 2014). The P that is applied as a
fertilizer is also often mismanaged; specifically, it is over-applied to fields, leading to a
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build-up of the element in the soil where it is inaccessible to plants due to its immobile
nature and affinity to form insoluble complexes with other minerals (MacDonald et al.,
2011; Vance et al., 2003). Experts cannot seem to agree on when phosphorus reserves will
run out, with estimates between the years 2030 and 2100 (van de Wiel et al., 2016);
regardless, agriculture must still address its current P problem for future crop production.
Phosphorus is vital to agriculture because it is required by all plants, being involved
in seed germination, root growth, structure development, and numerous metabolic
processes such as photosynthesis and nutrient formation (van de Wiel et al., 2016).
Therefore, when P is limited in soils it negatively affects not only plant growth and yield
but also the nutrient concentration and bioavailability in food crops, leading to
micronutrient deficiencies or “hidden hunger” (Assuero et al., 2004; Welch & Graham,
2004; Rehman et al., 2018). Potential solutions to hidden hunger include: 1) biofortification
to increase bioavailable micronutrients in staple crops through agronomic, plant breeding,
and biotechnology efforts (Welch & Graham, 2004) and 2) diversifying staple crops to
include cheaper, environmentally sustainable, and more nutrient-dense foods, such as pea
(Pisum sativum L.) and other pulse crops (Foyer et al., 2016).
Pea is a member of the Leguminosae family, along with faba bean (Vicia faba),
grass pea (Lathyrus sativus), white lupin (Lupinus albus), lentils (Lenis culinaris), mung
bean (Vigna radiata), soybean (Glycine max), cow pea (Vigna ungulicata), and common
bean (Phaseolus vulgaris) among others (Foyer et al., 2016). Additionally, Leguminosae
consists of the subfamily Papilionideae which splits into two distinct clades of cultivated
legumes: 1) Hologalegina, evolving 50 million years ago and 2) Phaseoloid, evolving 45
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million years ago (Foyer et al., 2016). These clades evolved separately, as Hologalegina is
comprised of all cool season legumes, such as pea, lentil, faba bean, and grass pea, while
Phaseoloids consists of warm-season legumes (pigeon pea, soybean, common bean, mung
bean, and cowpea) (Foyer et al., 2016). Cool season legumes are critical to sustainable
agriculture, as they are planted during winter, complementing the growing season of
cereals, and providing essential nitrogen and other nutrients back to the soil.
Pea is a critical economic and nutritive crop and is often called “poor man’s meat”
due to its high protein, vitamin and mineral, and prebiotic carbohydrate content yet
affordability for poorer consumers (Amarakoon et al., 2012). More specifically, pea is
naturally rich in iron and zinc and thus could address two of the most common
micronutrient deficiencies in the world (Amarakoon et al., 2012). Despite the potential for
the higher consumption of pea to help alleviate hidden hunger, little advancement has been
made to increase production and yields have lagged behind those of cereals (Amarakoon
et al., 2012). One of the main issues with pea, and legumes, in general, is that they require
much more P input than other crops due to their nodules, which require P for energy
transformation (Vance et al., 2003); this presents an issue for sustainable agriculture.

Pea benefits agriculture
Pea is one of the oldest domesticated pulse crops, appearing in the Mediterranean
between 7000 and 6000 BC and persisting in current agriculture (Helback & Hopf, 1959).
Pulse crops are a category of legumes, with seeds specifically harvested at full maturity
(FAO, 1994). Pulses are very beneficial to agriculture systems, achieving large success in
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sustainable agriculture systems through intercropping and crop rotations with cereals.
Pulses are able to break disease and weed cycles associated with cereals, while replenishing
nitrogen (N) in the soil through their ability to fix N from the atmosphere through their
nodules and symbioses with rhizobia. Globally, 21 Mt of nitrogen is fixed by legumes, with
5-7 Mt returned to the soil by pulses, specifically, which saves U.S. farmers $8-12 billion
in total (Foyer et al., 2016). In Australia, farmers reported a 30% increase in wheat after
adding a legume rotation compared to monocropped wheat (Stagnari et al., 2017). Studies
from Denmark also report nitrogen uptake of various crops increases between 23-59% after
rotations with pea and lupin (Stagnari et al., 2017). As N is another of the most limiting
nutrients for cereal and crop production, this legume-mediated increase in nitrogen use
efficiency offers a sustainable and cost-effective alternative to high input fertilizer
regiments. Pulses also foster other beneficial properties for soil health, such as increased
biodiversity, soil organic carbon (SOC) levels, and soil water retention, while decreasing
greenhouse gas emissions (GHG) (Foyer et al., 2016; Peoples et al., 2019; Stagnari et al.,
2017). Pea has the most positive effect on SOC by improving humus levels and supplying
organic C as a result of bacterial nitrogen fixation (Stagnari et al., 2017).
In 2017, a total of 8,141,031 hectares of pea were harvested globally (Figure 1),
with the top producers consisting of Canada, Russia, China, India, and the United States
(FAOSTAT 2019); however, this is only a minimal fraction compared to cereal production.
Cultivated land acreage for pea and other pulses has been in steady decline over the past
30 years (Stagnari et al., 2017). Average yields have increased about 70-84% since 1974
for staple legumes, such as soybean, lentil, chickpea, and groundnut; in contrast, yields for
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pea have increased but resulted in no net production gains due to decreasing land acreage
(Foyer et al., 2016). The minimal expansion of pulses in agriculture is due to smaller and
unpredictable yields, caused by susceptibility to environmental factors, and has resulted in
a less-developed global market with decreased profits, disincentivizing farmers from using
pulses for income while policymakers focus more attention and resources on cereals in
developing countries (Foyer et al., 2016; Stagnari et al., 2017). These practices have
compromised human nutrition, as cereals have less protein than pea and pulse crops as well
as inadequate levels of micronutrients, contributing to hidden hunger (Pingali, 2012).
Pulses are also good sources of prebiotic carbohydrates (essential for gut health), fiber,
minerals, vitamins, carotenoids, and polyphenols, allowing them to address health
problems such as malnutrition, prenatal care, cardiovascular disease, diabetes, cancer,
obesity, and gastrointestinal (GI)-related issues that plague both developing and developed
nations (Foyer et al., 2016; (Welch, 2002)
An additional hindrance to legume production is the high phosphorus requirement
for nodule formation and function. Intensive mineral P fertilization has caused P surpluses
in the soil of many countries, but deficits still exist in parts of Africa, the Northern U.S.,
South America, Eastern Europe, and Asia, likely due to multiple cycles of mono-crop
farming or limited access to mineral fertilizers (MacDonald et al., 2011). Many resourcepoor farmers practice subsistence agriculture, which utilizes organic principles such as no
pesticides, chemical fertilizers, or industrial equipment. The soils they farm are generally
poorer in nutrients, resulting in poorer yields and possibly poorer nutritional quality of the
crop. For pulses such as pea to be effective in combating hidden hunger, breeding efforts
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should be conducted to prepare varieties for these limiting environments. In addition, more
specific breeding efforts should also focus on breeding pea varieties solely for the organic
environment to resolve the yield and nutritional discrepancies between conventional and
organic agriculture.

Organic soil vs. conventional soil
Organic agriculture is regarded as having healthier soils than conventional systems.
Indeed, organic soil has higher soil organic matter, soil organic carbon, soil aggregate
stability, and soil moisture content than conventional soils—all values that increase soil
health and fertility (Schrama et al., 2018). Organic soils also have an increased level of
biodiversity, as in a wider range of pollinators, insects, and earthworms, along with high
microbial biomass and enzymatic activity (Hole et al., 2005). Despite healthier soils,
limited herbicide and pesticide use along with additional weed pressure are limiting factors
to productivity in organic agriculture. Additionally, N is a limiting nutrient in both
conventional and organic production, but especially in organic systems that do not allow
synthetic fertilizers as a source of N. Organic crops actually require twice as much N as
conventional systems to achieve comparable yields (Seufert et al., 2012). Therefore,
legumes are critical in organic systems, as they fix and efficiently use their own N, and
supply it back to the soil from biomass after harvest at a rate of 40 million tons per year
(Seufert et al., 2012; Udvardi & Poole, 2013).
Pulses face other nutrient constraints in organic agriculture due to their high P
demand. Organic systems do not adequately replenish P supplies after harvest, leading to
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a deficit for the incoming crop (Oehl et al., 2002; Seufert et al., 2012). Additionally, sources
of P for organic farming in the U.S. are restricted to FDA-approved manures and bone
meal, as well as phosphate rock (Möller et al., 2018). For farmers that convert from
conventional to organic management, decreases in available P in soils have been reported,
meaning that the fertilizer is not adequate as a single source, and plants utilize P built up
in the soil from previous fertilizer applications (Oehl et al., 2002). Overall, this means that
organic agriculture is still dependent on nonrenewable sources of phosphorus, which
decreases the sustainability of organic production.
One strategy to combat the negative impact of increased weed and disease pressure
and nutrient limitations in organic environments is to identify breeding targets that fortify
varieties to cope with these stressors. There are cereal organic breeding programs already
underway (Jones et al., 2011; Wolfe et al., 2008). In pea, genetic variation may also exist
for phosphorus use efficiency (PUE), which would allow for the development of cultivars
that are less dependent on P fertilizer input; this would benefit both conventional and
organic growing systems. Additionally, PUE should be the main consideration for organic
legumes, so that they can maintain nitrogen-fixing activity, yield stability, and adequate
biomass under phosphorus-deficient conditions (van de Wiel et al., 2016). This will also
prolong the period residual P can contribute to production, allowing it to be used more
efficiently (van de Wiel et al., 2016). PUE is a complex trait, involving multiple pathways
and gene networks, but can be broken into the ability of the plant roots to acquire P from
the soil and the plant’s ability to remobilize and allocate P to sustain productivity (van de
Wiel et al., 2016). Unfortunately for pea, there is a dearth of genomic information and
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resources regarding these processes, so more research should be conducted to identify these
genomic regions as pea becomes more popular in the health food market.

Phosphorus physiology of legumes
Phosphorus is only available to plants in its inorganic forms (Pi) as H2PO4− and HPO42–
which exist in very small concentrations in the soil (<10 μm) (Figure 2) (Schachtman et
al., 1998). Availability is also highly dependent on soil pH, as P forms insoluble complexes
with Al and Fe under acidic conditions and Ca under alkaline conditions (Seufert et al.,
2012). This presents an issue for all forms of agriculture worldwide, as most soils are acidic
(Reganold & Wachter, 2016; Slessarev et al., 2016). All plants have adopted mechanisms
to combat the unavailable nature of P, such as altered root architecture, organic acid
exudation, specialized transport systems, lipid remodeling, and symbiosis with arbuscular
mycorrhizal fungi (AMF) (Figure 2) (Oehl et al., 2004; Vance et al., 2003). AMF are
especially important in organic systems, where less is P available, and plants rely more
heavily on these fungi to gather and supply P and other nutrients (Oehl et al., 2004). P is
applied to soils from phosphate rock sources, and becomes immobile in the soil, with small
concentrations accessible to the roots. Plants will form symbiotic relationships with
Mycorrhizal fungi for greater P acquisition. For legumes specifically, high concentrations
of P exist in the nodules to maintain nitrogen-fixing function. Due to stress or senescence,
P is remobilized from younger tissues and moves into upper leaves and seeds for storage
as phytic acid.
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P uptake is regulated by high and low affinity transporters located throughout the
vascular system of the plant. The root hair mediates the uptake of Pi from the soil, where
it is transported across the root plasma membrane by a P-type H+-ATPase pump (Vance,
Uhde-Stone, & Allan, 2003). From there, the Pi is transported into the nodules or upward
into the shoot by the xylem where it goes to individual cells (Vance et al., 2003). The
cytoplasm maintains a strict Pi concentration of around 5-10 mM (Schachtman, Reid, &
Ayling, 1998); if no deficiency is detected, the Pi will be stored in the vacuole until P stress
signals are detected or senescence begins. If Pi becomes limited throughout the plant,
vacuolar Pi will efflux into the cell cytoplasm and be allocated to other vital tissues, such
as legume nodules. Additionally, during senescence Pi is again effluxed from the vacuole,
where it is transported from older leaves to younger leaves and seeds by the xylem and
various transporters (Robinson et al., 2012; Xu et al., 2019; Yang et al., 2017). Once Pi
reaches the seed, it is stored as phytic acid or phytate and utilized during seed germination
to establish enough growth until the seedling can take up nutrients on its own (Robinson,
Carson, Ying, Ellis, & Plaxton, 2012; Xu et al., 2019; Yang, Huang, Kuo, & Chiou, 2017).
Some crops have more phytic acid than others, with pea containing a high amount. Phytic
acid is an antinutrient, meaning it binds to other minerals and decreases bioavailability,
making crops high in phytic acid undesirable for animal and human consumption.
Adaptations for P limitation in legumes specifically involve preferential allocation
of P to nodules to maintain N fixation, rhizosphere acidification through root exudation,
formation of proteoid roots, and modified carbon metabolism and mycorrhizae formation
to control for competition with nodule development (Vance et al., 2003). Therefore,
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legumes will suffer greatly if P is limited, as they will be unable to maintain nodule function
and overall productivity due to decreased photosynthetic ability, tissue expansion, and
flower formation (Vance et al., 2003; Sa & Israel, 1991; Sulieman & Tran, 2015). Most
research on these processes has been conducted in soybean (Glycine max), so there is a
need to investigate responses in pea specifically. There is also a gap in the literature with
respect to specific links between phosphorus deficiency and nutrient bioavailability. The
nutritional value of organic crops compared to conventional crops is an additional gray
area; however, it can be inferred that limited P not only affects human health through
reduced yield, but could also decrease protein, carbohydrate, and lipid content due to P’s
involvement in plant metabolic activities.

P efficiency and plant-soil-microbe interactions
As previously discussed, most vascular land plants have formed evolutionary
beneficial relationships with AMF, but increasing evidence indicates the entire soil
microbiome is a mediator for plant health. This relationship is caused by the secretion of
photosynthates and carbon sources into the rhizosphere, acting as a tradeoff for various
microbes (Bakker, Pieterse, de Jonge, & Berendsen, 2018), which then provide the plant
with various health benefits such as nutrient availability. The composition of soil
microbiomes is largely dependent on the soil type and the environment, but plant genotype
can also influence microbial populations depending on the type of root exudate and
hormones it produces. For example, Arabidopsis accessions differ in their ability to
colonize Pseudomonas bacteria, leading to some accessions being more disease resistant
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than others (Bakker et al., 2018). Additionally, salicylic acid exudation by Arabidopsis
influences the composition of root microbiomes, again demonstrating the plant has some
influence over the rhizosphere (Bakker et al., 2018).
The soil microbiome is implicated in P acquisition, and AMF and rhizobia
interactions with legumes are well characterized. Legumes exude flavonoids into the
rhizosphere that attract rhizobia to stimulate nodule formation as well as allow for AMF
interaction; both lead to enhanced P availability for the legume (Jacoby et al., 2017).
Another mechanism is the modification of root exudates under P limitation. Maize and rice
alter their exudates to contain more carbohydrates and sugars to provide an energy source
for AMF formation (Carvalhais et al., 2011). Increased sugar exudation has also been
identified in Pisum sativum, which then increased the mineralization of insoluble P by
microbial activity (Schilling et al., 1998).
A result of conventional farming is the notion that breeders have inadvertently
selected for traits that weaken plant-microbe interactions due to intensive fertilizer and
pesticide use (Bakker et al., 2018). Studies in barley, maize, and Arabidopsis indicate
differences in rhizospheres between wild and domesticated material as well as natural
variation among accessions (Bakker et al., 2018). More studies must be done to dissect the
contribution of genetic variability to microbial communities, as these could be targets for
organic plant breeding initiatives. The lack of efficient plant-soil-microbe interactions in
conventionally bred crops could help explain reduced yields when these varieties are
introduced to organic environments, where a stronger soil microbiome relationship would
be beneficial due to the lack of fertilizers and pesticides (Jones et al., 2011; Bakker et al.,
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2018). Organic pulse breeding should focus on microbial interactions to improve P
acquisition, and genomic studies should be performed in the diverse germplasm to discover
any beneficial traits that may have been lost from modern day varieties over time.

Pea and Phosphorus Use Efficiency
PUE is defined as the total biomass per unit of P taken up and encompasses the
plant’s ability to acquire P from the soil then translocate, remobilize, and efficiently utilize
it for various physiological processes (Shenoy & Kalagudi, 2005; Veneklaas et al., 2012).
The overall goal of PUE breeding is to determine genomic regions that contribute to these
processes and allow crops to grow and yield at optimal levels under low P conditions.
Generally, a greater focus has been placed on improving P acquisition from the soil by
identifying genes and processes associated with root systems architecture and rhizosphere
modifications under P deficiency through quantitative trait loci (QTL), genome-wide
association study (GWAS), and biotechnological methods (Rose & Wissuwa, 2012;
Veneklaas et al., 2012; van de Wiel et al., 2016). While these aims would allow crops to
scavenge residual P built up in the soil from the over-application of fertilizer, this strategy
may deplete P from nutrient-poor soils and further upset the balance of fertilizer input to
uptake, again leading to P depletion (van de Wiel et al., 2016). Remobilization of P from
vegetative tissues is the main source of P for reproductive tissues, impacting yield and seed
quality, so understanding and improving allocation efficiency is a necessary goal for crops
with better PUE. Additionally, increased P acquisition for pea may lead to a greater
accumulation of phytate in seeds, thus decreasing the bioavailability of nutrients upon
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consumption. Therefore, in terms of pea, a balance must be achieved between P acquisition
and internal P utilization to avoid excess accumulation of phytate.
Several studies in grain crops have concerned PUE (Rose & Wissuwa, 2012), but
none, as far as we are aware, have been conducted in pea. Genetic variation is visible
among pulse crop varieties, so pea studies should not be ignored. A recent study in chickpea
(Cicer arietinum L.) showed great variation among diverse germplasm and commercial
varieties for various aspects of PUE, such as total biomass, photosynthetic rate, root
structure, and root acquisition under limited P conditions (Pang et al., 2018). Several
accessions from the diverse germplasm were shown to outperform commercial chickpea
varieties in terms of these criteria, indicating genetic variation that may be exploited for
PUE breeding purposes (Pang et al., 2018).
Another challenge for PUE in organic agriculture is that most studies are conducted
in greenhouses or under conventional management, which differs significantly from
organic practices (Rose & Wissuwa, 2012). Therefore, more PUE studies should be
conducted with the field and growing environment in mind to generate more realistic
results. Studies for PUE in pea and other pulses should be increased in general and can be
aided by recent genotypic data for the diverse pea germplasm (Holdsworth et al., 2017).
Breeding for PUE will significantly benefit organic agriculture as it is a P-limited
environment, where the ratio of P input to P uptake is already off-balance and inadequate.
Research concerning pea PUE should be prioritized in biofortification programs, as
adequate phosphorus utilization will aid in increasing the amount and bioavailability of
nutrients.
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Biofortification potential of legumes
As previously stated, agriculture not only faces the issue of yield deficits for a
growing population but also increased incidences of hidden hunger as more people develop
micronutrient deficiencies. A potential solution to overcome micronutrient deficiencies is
to increase consumption of pulses, which contain superior protein, carbohydrate, fiber, and
micronutrient content compared to cereals, as well as complementary amino acid profiles
to those found in cereals (Rehman et al., 2018). Pea is also attracting positive attention in
health food markets, as they are rich in protein (23.5 g protein per 100 g) and a viable
substitution to wheat and egg-based products (USA Dry Pea and Lentil Council 2016).
Protein extraction is reported to be most successful from pea, and the protein structure of
peas is the most similar to egg and stabilizes snacks and cereals most similarly to gluten
when compared to other alternative protein sources (USA Dry Pea and Lentil Council
2016). By increasing protein content of pea, a more significant profit and expansion of the
pea market may take place, paving the way for more initiatives to support growers of pea
and other pulse crops. Another solution is to boost biofortification breeding efforts to
increase nutritional value where legumes lack to supplement a low diversity diet due to
climate change and crop availability.
However, an issue relating both biofortification and phosphorus use efficiency is
the conversion of P to myo-inositol-1,2,3,4,5,6-hexakisphosphate (InsP6), also known as
phytic acid, which acts as an antinutritional factor by decreasing the bioavailability of
nutrients in pulses when consumed (Rehman et al 2018; Raboy, 2003). As P is taken up by
the roots from the soil, it is converted to glucose 6-phosphate (G6P) before entering the
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inositol phosphate pathway through the conversion of G6P to inositol 3-phosphate (Ins3P)
by myo-inositol (3) P1 synthase (MIPS) (Raboy, 2003). From there, every carbon of the 6carbon ring is phosphorylated until it becomes InsP6 or phytic acid (Raboy, 2003). Phytic
acid is the primary storage form of P in seed and is often bound in phytate salts to Ca or Fe
(Raboy, 2003). These structures cannot be broken down by humans as they lack the
necessary enzymes (Raboy, 2003). As P is found throughout the plant and stored in various
tissues during vegetative and reproductive growth, biofortification efforts should aim to
understand the mobilization of P throughout the growing cycle. Additionally, more
research should be dedicated to the speciation of P within the plant to identify genetic
variation for P conversion and phytic acid content. These are concerns of both PUE and
biofortification research as plants must efficiently take up P for growth, as well as convert
P selectively for nutrient availability.
Several low phytic acid varieties have been developed in wheat, maize, barley, rice,
and soybean through transgenic and biotechnological methods (Guttieri et al., 2004;
Wilcox et al.; Larson et al., 2000; Raboy et al., 2000; Rasmussen & Hatzack, 2004).
Warkentin et al. developed low phytate pea variety CDC Bronco via EMS to produce the
desired mutation in MIPS to halt conversion to higher inositol phosphate molecules.
Overall grain phytic acid is reduced, but there are reports of several agronomic issues, such
as decreased stress tolerance, germination, growth, and seed weight, as the plant cannot
store enough P to use during vegetative processes, in addition to reports of reduced protein
content in winter wheat (Oltmans et al., 2005; Raboy et al., 1991; Rehman et al., 2018;
Warkentin et al., 2012; Bregitzer & Raboy, 2006). While requiring less P overall, these
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lines are often stunted, with lower biomass and yield compared to commercial varieties,
further illustrating the problem of less P uptake vs. high productivity (Raboy, 2009;
Warkentin et al., 2012; Sparvoli & Cominelli, 2015). Additionally, for organic systems,
transgenic and chemical mutants are not currently allowed, so they have no use in
sustainable agriculture (USDA 2019). Furthermore, transgenics and chemically modified
seeds are not allowed in the food market (USDA 2019), may be banned as in the EU, and
consumer approval is generally considered negative or unclear (Lucht, 2015). A more
conventional plant breeding approach could be more successful in terms of developing
varieties with reduced phytic acid accumulation and positively impact biofortification.

Future Directions
Pea is highly nutritious and beneficial to agriculture systems, along with other
pulses. However, pea is especially advantageous in terms of protein content and
extractability. This is the powerful avenue to expand pea production as consumer interest
in health foods, and meatless alternatives grow. Pea could be biofortified for protein as
well as micronutrient content, to increase marketability, as well as ability to fight hidden
hunger. The adoption of organic principles is necessary, and organic agriculture should
expand, as nonrenewable resources like P begin to deplete. Pea and other pulses are critical
to sustainable agriculture but will suffer from soil P deficiencies, affecting their beneficial
status in organic systems and negatively affecting crops that depend on their nitrogenfixing capabilities.
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To adequately prepare and avoid the negative impacts of phosphorus deficiency, a
thorough investigation of the genetic diversity of pea in terms of phosphorus use efficiency
is necessary. We hypothesize that there will be variation in the ability of different pea
accessions to acquire, mobilize, and store P under P deficient conditions. Phenotyping
could reveal superior yield, nutritional value, and other important agronomic
characteristics of some accessions and physiological and genetic analyses would aid in
elucidating the biological mechanism. It is possible that there are accessions containing
genes that can be incorporated into elite breeding lines to confer benefit in P deficient
environments. The investigation regarding natural genetic variation within the germplasm
for differing rates of P speciation should also be considered. For example, one genotype
may preferentially convert to Ins3P or other lower inositol phosphates over phytic acid,
leading to increased Pi and nutrient bioavailability in the seed, and allowing for low phytic
acid lines to be conventionally bred rather than mutagenized. This would increase pea
production sustainability and allow new varieties to be developed for consumer use. In
terms of biofortification, identifying pea genotypes with higher potential for micronutrient
accumulation, especially under P and nutrient-deficient environments, will be critical,
through the understanding of variation in acquisition and translocation of nutrients to the
seed (Welch & Graham, 2004). The common bean core collection has demonstrated
variation in Fe and Zn uptake, as well as elucidated a negative correlation between the two
during breeding efforts, so these antagonistic relationships must also be discovered and
considered (Welch & Graham, 2004).
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Despite growing interest in pea, at the time of this review, there is still no reference
genome published, and when one is released, it will always be the first assembly, meaning
it will likely need to undergo revisions as technology and genomic understanding of pea
and improve. A single core collection consisting of 431 pea accessions does exist and
shows ample genetic variation between accessions, allowing for more genetic studies
(Holdsworth et al., 2017). By using GWAS and other omics methods, questions concerning
organic and nutritional breeding may be answered. Additionally, more funding for pea and
pulse research is required, as it has been limited by unstable yields and forgotten by
institutions, leading to little germplasm improvement. Government agencies must get
involved to promote awareness and create funding opportunities to improve pea and pulse
germplasm, so that legume profitability may increase to better compete with cereals. This
is a key measure to ensure people have access to a diverse nutritional diet to combat hidden
hunger.

Conclusion
A primary focus of agriculture should be to increase sustainability and nutritional
value to the human diet through the adoption of more organic practices; this includes
diversification of staple crops to include more pulses such as pea and decreased dependence
on nonrenewable resources such as phosphorus. For these goals to be met, more organicspecific breeding initiatives should be undertaken, and more research should be conducted
on pea. The dearth of knowledge on pulses compared to cereals is detrimental to
agricultural research and the human diet, so more genomic studies should be conducted to
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increase productivity and adoption of pulses. Research concerning PUE will benefit
farmers and consumers of all types by decreasing reliance on fertilizers and maximizing
productivity for already P-deficient soils. Because pea is consumed globally by both
developed and at-risk populations, these efforts could help increase global health overall
and combat hidden hunger.
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Figure 1.1 Comparison of area harvested for cereals and pea in 2017 (FAOSTAT 2019).
The numbers above each bar represent the individual harvest totals of each crop.
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Figure 1.2 General scheme of P acquisition and utilization of legume plants. P is applied
to the soil through various fertilizers and is largely immobile in the soil. P concentrations
around root hairs is less than 10 um, so plants will form symbiotic relationships with
arbsuscular mycorrhizal fungi to better acquire P from the soil. Legume nodules also act
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as P sinks, while other P translocates throughout the vascular tissue, primarily stored in
mature leaves prior to senescence. Once the plant switches to reproductive stages, the P in
the matures leaves will remobilize to the younger leaves and seeds, where it will be stored
in the mature seed primarily as the antinutrient InsP6 (myo-inositol-1,2,3,4,5,6hexakisphosphate).
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CHAPTER TWO
PEA (PISUM SATIVUM L.) SHOWS GENETIC VARIATION IN PHOSPHORUS USE
EFFICIENCY IN DIFFERENT
P ENVIRONMENTS

Abstract
Pea is important to agriculture as a nutritionally dense legume, able to fix nitrogen
from the atmosphere and supply it back to the soil. However, pea requires more phosphorus
(P) than other crops. Identifying pea cultivars with high phosphorus use efficiency (PUE)
is highly desirable for organic pulse crop biofortification. This study identified pea
accessions with high PUE by determining (1) the variation in P remobilization rate, (2)
correlations between P and phytic acid (PA), and (3) broad-sense heritability estimates of
P concentrations. Fifty pea accessions were grown in a completely randomized design in a
greenhouse with two replicates under normal (7,551 ppm) and reduced (4,459 ppm) P
fertilizer conditions and harvested at two time points (mid-pod and full-pod). P
concentrations ranged from 332 to 9520 ppm under normal P and from 83 to 8473 ppm
under reduced P conditions across all tissues and both time points. Pea accessions showed
variation in remobilization rates, with PI 125840 and PI 137119 increasing remobilization
of P under normal P conditions. Pea accessions PI 411142 and PI 413683 increased P
remobilization under the reduced P treatment. No correlation was evident between tissue
P concentration and seed PA concentration (8–61 ppm). Finally, seed P concentration
under limited P conditions was highly heritable (H2 = 0.85), as was mid-pod lower leaf P
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concentrations under normal P conditions (H2 = 0.81). In conclusion, breeding for PUE in
pea is possible by selecting for higher P remobilization accessions in low P soils with
genetic and location sourcing.

Introduction
The demand for organically produced crops is on the rise, with global retail sales
reaching $81.6 billion in 2015; North America has the largest organic food market valued
at $43.3 billion in 2017 [1]. Consumers often cite the perceived transparency and
sustainability of organic food production as their reason for buying organic crops, as
organic agriculture has been shown to increase soil and plant health by using organic
fertilizers and crop rotations with legumes [2][3]. However, organic fertilizers still utilize
mined phosphorus (P) rock, which is a nonrenewable resource projected to run out within
the century [4]. P is an essential nutrient required by all plants to grow, photosynthesize,
and form proteins. It is especially limiting in organic environments for legumes, which
need more P than cereals to form root nodules for nitrogen fixation [5][6]. Thus, identifying
legumes that can acquire and efficiently utilize P from organic soils is highly desirable for
organic agriculture [7][8][9].
Pea (Pisum sativum L.) is a pulse crop grown and consumed globally.
Approximately 7.5 million hectares of pea were harvested in 2018, with the top producers
consisting of Canada, Russia, China, India, and Ukraine, followed by the United States
[10]. Currently, pea is increasing in popularity within the organic and health food markets,
as it is a nutrient-dense crop, naturally rich in iron, zinc, prebiotic carbohydrates, and
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protein, ideal for animal feed and as an alternative protein source to animal products
[11][12][13]. The superior nutritional value of pea gives it the potential to combat ‘hidden
hunger’, which is the global prevalence of micronutrient deficiencies due to cerealdominated diets [14]. As such, increasing the production of pea to diversify diets could
help alleviate hidden hunger [15] as well as benefit organic agriculture. However, as P is
limiting to the growth of pea and important for protein synthesis [6], genotypes with
strategies to better adapt to limited P soils should be investigated.
P is present as an inorganic form (Pi) in low concentrations in soils (< 10 µm) and
is highly immobile, often bound to Al and Fe ions making the Pi unavailable to the root
[16][17][18]. Plants access and solubilize Pi by increasing root growth and organic acid
exudation, thereby increasing transporter affinity for Pi, as well as remodeling lipids as an
internal P source [17][18]. Additionally, most vascular plants are able to form associations
with arbuscular mycorrhizal fungi (AMF) through the release of strigolactones from the
root under P deficient conditions, as this symbiosis directly increases root surface area and
access to Pi in the soil [19]. Other microbes have also demonstrated the ability to alter P
solubility, availability, and uptake in various plant species [20][21][22][23][24]. Once Pi is
acquired from the soil by the root hair, most is transported into the nodule of pea, which
acts as a large P sink [25]. The remaining P is translocated and stored in vegetative tissues,
such as mature leaves, before senescence or P stress triggers remobilization to younger
tissues and seeds. Once Pi is stored in the seed, it is often converted to phytic acid (PA),
which acts as an antinutrient by binding to micronutrients such as Fe and Zn, thus
decreasing their bioavailability. A low PA line of pea has been created via chemical
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mutagenesis [26], but such lines are not permitted in organic agriculture [3]. Efforts to
increase phosphorus use efficiency in pea must carefully consider how P is stored in the
seed, as increasing PA concentration could negatively impact human health and
biofortification efforts.
Phosphorus use efficiency (PUE) is the amount of P recovered from the soil that is
then translocated, remobilized, and utilized for plant physiological processes. However,
PUE is not well understood, as most research pertains to analyzing phosphorus acquisition
efficiency (PAE), which focuses on identifying plants capable of greater P acquisition
under P deficient conditions, commonly through alterations in root exudation and root
system architecture. It is not enough to breed plants capable of acquiring greater P, because
if the plant is unable to translocate P efficiently throughout the entire plant, it is of little
use. Ideally, plants with greater PUE can effectively scavenge P from P-limited soils and
then use it throughout the plant to sustain growth and yield, before storing P in the seed for
germination [27]. Remobilization of P from mature tissues is the primary source of P for
reproductive tissues, so pea with an increased capacity to remobilize P from mature tissues
should maintain yield and seed quality [27][12]. It remains to be investigated whether
increasing P concentration in the seed causes an increase in PA, which could negate
biofortification potential. Several studies have analyzed PUE in grain crops such as maize
[28], common bean [29], wheat [30], spring barley [31], rice [32], cowpea [33], and
Brassica oleracea [34], but we are unaware of any conducted in pea. We hypothesized that
genetic variation for PUE traits and breeding potential exists for pea. We tested our
hypothesis by considering both normal (treatment 1) and reduced (treatment 2) P fertilizer
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conditions and (1) investigating variation in tissue P concentrations and remobilization
rates, (2) quantifying the relationship between PA and P concentrations for biofortification
purposes, and (3) measuring the heritability of P concentrations across tissues to determine
the feasibility of breeding for PUE in pea.

Materials and Methods
Plant material and growth conditions
Nutritional data for the Pea Single Plant Plus Collection (PSPPC) [48] were
obtained via GRIN (https://npgsweb.ars-grin.gov/gringlobal/method.aspx?id=492084).
The 25 accessions with the highest and lowest seed P concentrations were selected for this
experiment. In total, 50 accessions were obtained and replicated twice under two fertilizer
treatments in the greenhouse, along with seed for commercial cultivars Hampton and CDC
Bronco for comparison. Two plants per accession were grown in potting soil (SunGro
Professional Growing Mix SKU: SUGR2375003; pH 6.4, 136 lbs/A P) under conditions
of 16 h day and temperatures of 20-22/18 ℃ day/night. All pots were hand watered to 7080% of pot capacity using distilled water. A week after planting, all plants were given 1/2
teaspoon of osomocote (14-14-14); an additional starter of 250 mL of Peter’s Professional
20-20-20 fertilizer was given 5 d later to each pot to provide adequate nutrition and ensure
growth. Three weeks after planting, the two P fertilizer treatments were initiated. Treatment
1 employed Hoagland’s solution (0.2 M KH2PO4, 1 M KNO3, 1 M Ca(NO3)2·4H2O, 0.4 M
MgSO4·7H2O, 0.57 g L-1 H3BO3, 0.36 g L-1 MnCl2·4H2O, 0.04 g L-1 ZnSO4·7H2O, 0.016 g
L-1 CuSO4·5H2O, 0.003 g L-1 H2MoO4·H2O, and 0.1 M FeEDTA) to create normal

38

phosphorus conditions, and treatment 2 employed a modified Hoagland’s solution (0.1 M
KH2PO4) representing reduced phosphorus conditions. After 5 d, all plants exhibited
nitrogen deficiency and were given Hoagland’s fertilizer without phosphorus to alleviate
symptoms. Three weeks after the fertilizers were applied, an additional round of normal
and reduced P treatments was administered. Nitrogen and phosphorus deficiencies were
observed, so additional Peter’s Professional 20-20-20 fertilizer was provided so that seed
formation was not affected. From then on, the low phosphorus fertilizer contained no
KH2PO4 while the normal P fertilizer was formulated as noted above. Both fertilizer
treatments were applied every week until one of the remaining plants reached full maturity
and was ready for harvest, approximately 90 d after planting.

Harvest and sampling
Plants were harvested at both mid-pod and full pod. One plant per pot was harvested
at mid-pod, corresponding to the mid-maturity stage, which is when pods contain 50%
moisture, visible by the pod greenness and seeds that contain enough moisture to fill the
pod. Mid-maturity is also when senescence begins in the lower leaves, so chlorophyll
readings using a SPAD meter (SPAD-502Plus, Konica Minolta, Inc., Japan) were taken to
confirm this stage was reached. Full pod or fully mature samples were taken once the pods
turned brown, were dry, and the seeds hardened inside the pod. The shoot was cut at the
soil and measurements made for fresh/dry weight (g), fresh/dry seed weight (g), pod
number, height (in), lower and upper leaf chlorophyll, seed count, and growth stage.
Samples of the lower and upper leaves were subjected to nutrient analysis. To determine
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upper vs. lower leaves, total nodes were counted and divided in half. Upper leaf and lower
leaf samples were taken starting from the top or bottom of the plant, respectively, and
collected until approximately 2 g of leaf were collected. The same tissue sampling
technique was repeated as for the mid-pod stage as described above.

P mineral analysis
Total P mineral concentrations at the mid- and full-pod stages were determined
using a modified HNO3-H2O2 procedure [49]. Initially, 200 mg of leaf tissue were weighed
out for an overnight digestion in 4 mL of concentrated nitric acid (70% HNO3), but the
protocol was modified to 100 mg of tissue to better break down the leaf structure. The leaf
samples were heated to 150 °C for 2 h, and then 4 mL of hydrochloric acid (70% HCl)
were added to the solution and digestion continued for an additional hour. The solution was
then filtered through Whatman paper (20-25 µm) and diluted to 10 mL with deionized H2O.
Mineral concentrations were determined by inductively coupled plasma emission
spectrometry (ICP-ES; ICP-6500 Duo, Thermo Fisher Scientific, Pittsburg, PA, USA).
Standards made using 1000 mg L-1 stock solutions were serially diluted to produce
calibration curves from 0.5 to 5.0 mg L-1. The solution detection limit was 80 µg L-1 for P.
Measurements using this method were validated using lentil and peach as references. For
seed nutrient analysis, seed samples were ground into a fine powder (UDY Cyclone Sample
Mill, UDY Corporation, Fort Collins, CO; 4mm filter) from which a 200 mg sample was
used for digestion and ICP-ES analysis. Moisture content was analyzed from a subsample
of 15 random accessions from each tissue and measured after drying at 50 ℃ for 3 h.

40

Phosphorus resorption efficiency
PRE is the amount of P exported from the mature tissues before death [27] and is
indicative of P remobilization. All PRE values were calculated according to:
𝑃𝑅𝐸 = 100 − (

!!" "!!#
!!"

) × 100% ,

where μP1 and μP2 are the P concentrations in all tissues for treatment 1 and 2, respectively.

Phytic acid analysis
The full maturity seed samples were prepared using the modified PA extraction
protocol from Talamond et al. [50] and Thavarajah et al. [49]. A 100-mg sample of finely
ground seed was weighed out into a 15-mL polystyrene conical tube (17±120 mm) with a
fitted cap. Ten mL of 0.5 M HCl were added to the tube and the solution heated with stirring
for 5 min by immersing the tube into boiling (~100 °C) water. The solution was centrifuged
at 4000×g for 3 min, and the supernatant transferred to another tube. The PA in the
supernatant was decomplexed from other ions with the addition of 1.5 mL of 12 M HCl. A
high-performance anion exchange chromatograph with a conductivity detector was used
for PA analysis (ICS-5000 Dionex, Sunnyvale, CA, USA). The PA was separated using an
Omnipac Pax-100 (8 µm) guard column (Dionex, Sunnyvale, CA, USA) and quantified by
conductivity detection. The solvents used for gradient elution were 130 mM sodium
hydroxide (A), deionized water-isopropanol (50:50, v/v) (B), and water (C). The flow rate
of the gradient elution was 1.0 mL min-1 with a total run time of 10 min. Retention time
and peak area were used to identify and quantify PA from the seed samples [49][50]. PA
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standards from 10 to 500 mg L-1 were used for calibration curves, with the detection limit
set at 5 mg L-1. The error tolerance was <0.1% for all laboratory samples. The PA
phosphorus concentration was calculated using the weight ratio of P atoms per molecule
of PA (1:3.56) [11].

Statistical analysis
The experimental design was a 2×2×4 factorial design with each replicate
randomized for pea accessions (n = 52). Replicates were considered random factors for
analysis. Each analysis used mean replicate concentrations when indicated. For missing
data points, JMP Pro 14 software (SAS Institute Inc., Cary, NC, USA) was used to predict
a P concentration value for the tissue based off of concentrations in other replicates and
tissues of the accession (Supplementary file 2). Significant differences for P concentration
from factors including accession, treatment, time, and tissue were calculated using a oneway analysis of variance (ANOVA) with α = 0.05 and significance set at p < 0.05. The
strength of linear relationships was assessed using the Pearson correlation coefficient in
JMP Pro 14. Mixed model ANOVA and broad sense heritability estimates were also
performed using JMP Pro 14.
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Results
Overall statistical differences
Analysis of variance indicates accession, treatment, time, and tissue play a
significant (p < 0.05) role in determining the P concentration of pea plants (n = 52) (Table
1). Several interactions are also significant (p < 0.05) with respect to final P concentration:
tissue × time, accession × tissue, accession × tissue × time, accession × time, and accession
× treatment (Table 1). Means of all tissue P concentrations were not different between
treatments (n = 406) (Figure 1c). Seed P concentrations were much higher than other tissues
at both mid-pod and full-pod time points (Figure 1a, b).

Genotypic effects
Pea accessions significantly (p < 0.05) differ in terms of P tissue concentrations at
both time points. Different accessions have the highest concentrations across tissues and
treatments (Figure 2). For treatment 1 (normal P), accessions 429849, 250447, 393490,
137119, 166084, 227258, 253968, and 358613 had the highest P concentrations in two of
the three tissues. For treatment 2 (reduced P), accessions 413683, 411142, 175231, 206861,
and 250446 had the highest P concentrations in two of the three tissues. Additionally, the
accessions differed with respect to P resorption efficiency (PRE; range 40 to 100%) (Table
2), which is the ability to remobilize P to younger tissues (i.e., upper leaves and seeds)
from that previously stored in mature tissues (lower leaves). Furthermore, P concentration
in different tissues is heritable (Table 3), with full-pod seeds and mid-pod lower leaves
showing the greatest broad-sense heritability estimates.
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P treatment effects
Across both treatments, the mean P concentration of tissues (n = 208 × 2 replicates)
is similar, at 2523 and 2326 ppm for treatment 1 (normal P) and treatment 2 (reduced P),
respectively (Supplementary file 1). The P treatment is significant (p < 0.05) in determining
P concentration (Table 1) but, overall, P concentrations appear to be similar between
treatments (Figure 1c). There was no significant genotype × environment (accession ×
treatment) interaction detected (Table 1). P treatment affects which accessions are able to
accumulate the most P in various tissues (Figure 2), as well as how much P different
accessions are able to remobilize from their mature tissues (Table 2). PA and P
concentrations in the full-pod seed were not correlated, and P treatment explains most of
the variation observed in PA concentration (Supplementary file 3). Finally, most P
concentrations were negatively influenced by the low P treatment and considered not
heritable.

Tissue and harvesting time effect
Average P concentrations varied considerably between tissues, with the lower and
upper leaves maintaining similar P levels and the seed containing greater P (Figure 1a).
Specifically, the mean P concentration of the lower and upper leaves (n = 416 × 2
replicates) was 1283 and 1457 ppm, respectively, and of the seed (n = 416 × 2 replicates)
was 4533 ppm. However, a wide range of total P was found across accessions
(Supplementary file 1). Total P in lower leaves ranged from 126 to 4233 ppm, which is
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similar to upper leaves that ranged from 83 to 6480 ppm. In contrast, seed P concentration
ranged from 1312 to 9521 ppm. Total mean P concentration (n = 208 × 2 replicates) across
time points was similar, at 2882 and 1967 ppm for mid- and full-pod, respectively. Overall,
peas at mid-pod had a higher concentration of P than plants at full-pod, for which a larger
variation in concentration was noted. Correlations between P concentrations of tissues were
generally weak (ρ < 0.4), with a moderate correlation (0.4 < ρ < 0.59) between mid-pod
lower leaf (MPLL) vs. mid-pod upper leaf (MPUL) P concentration (Figure 3B). The
correlations between MPLL vs. MPUL (ρ = 0.47), MPUL vs. full-pod seed (FPSE) (ρ =
0.38) (Figure 3Q), mid-pod seed (MPSE) vs. FPSE (ρ = 0.37) (Figure 3R), full-pod lower
leaf (FPLL) vs. FPSE (ρ = 0.39) (Figure 3S), and full-pod upper leaf (FPUL) vs. FPSE (ρ
= 0.36) (Figure 3T) were the highest of all tissues. Heritability estimates for P concentration
differ between tissues and across the two time points, with FPSE and MPLL P
concentration demonstrating consistent moderate to high heritability across treatments
(Table 3).

Discussion
Phosphorus is the most limiting nutrient in organic agriculture, especially for
legumes such as pea that require high amounts of P to sustain growth and form root nodules
for nitrogen fixation [6]. Once P is acquired from the soil, it is stored in vegetative tissues
(lower leaves) before the plant enters the reproductive stages, when the P is remobilized
from lower leaves to younger tissues (upper leaves and seeds) [35]. Screening pea
germplasm for genetic variation in the ability to acquire and remobilize P to growing
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tissues under limited P environments is a promising strategy to identify accessions with
greater P use efficiency. Additionally, a large portion of remobilized P will be stored in the
seed as PA, an antinutrient that prevents the absorption of essential minerals from food in
humans. Determining variation in pea for lower PA concentrations is necessary to
positively impact human health.
Pea accessions varied in P concentration between lower leaves, upper leaves, and
seeds (Fig. 1a) at the mid-pod and full-pod time points (Fig. 1b). Seeds consistently had
the highest P concentration of all tissues, consistent with most P being stored in the seed
as a reserve for germination [35]. Mean P concentrations of tissues were similar across
treatments, but individual accessions differed in their response to P in the environment
(Fig. 2). These results indicate plants must take up a basal amount of available P to sustain
growth, and different acquisition strategies may be used by pea under limited P conditions.
For instance, genetic variation exists in several crop species (wheat [36], white lupin [37],
rice [38], maize [39]) for the ability to alter root morphology and organic acid exudation
into the rhizosphere, which aids in solubilizing unavailable P in the soil. Additionally, pea
accessions may differ in the capacity to alter P transporter affinity in response to the
environment [40], contributing to the difference in accessions with the highest P
concentrations between treatments (Figure 2).
Pea accessions also appear to differ for remobilization rates in normal or reduced P
conditions (Table 2), which could contribute to higher seed P concentrations at reduced
soil P (Figure 2). For example, accession 137119 had one of the highest seed P
concentrations in upper leaves and seeds under normal P conditions and was able to
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remobilize (PRE) approximately 88% of P from mature tissues. However, under reduced
P conditions, the PRE was reduced to 68% and 137119 only had a high seed P
concentration in the upper leaves. This same phenomenon was observed for accession
125840, which had a PRE of 87% for treatment 1 compared to 65% for treatment 2 and
one of the highest seed P concentrations in treatment 1. Accessions 413683 and 411142
showed opposite trends to this, having higher seed P concentrations and PRE values of 91
and 80%, respectively, for treatment 2 compared to treatment 1. Interestingly, accession
250446 had high seed P concentrations for both treatments, even though the PRE was much
less for treatment 2 (59 vs. 79%). This accession might be able to acquire more P than other
accessions and translocate it to the seed. Finally, accession 203069 was included in Table
2 as it had the highest PRE for both treatments and seemed to acquire and remobilize P at
equal rates across tissues, meaning it may be more P efficient compared to other
accessions.
As seed P concentration requires a plant grown to full maturity and destructive
analysis to phenotype, it is of great interest to develop a high-throughput method to
determine seed P concentration that could be useful for a nutritional breeding program.
From the correlation matrix in Figure 3, seed P does not appear to be strongly correlated
with P concentration in any other tissue. These results also indicate P concentrations among
tissues are not dependent on each other, possibly relying more on environmental or
genotype-dependent factors to supply P to the tissue. A moderate correlation (ρ = 0.47)
between MPLL and MPUL indicates P concentration in the lower leaves somewhat
corresponds to P concentrations in the upper leaves at mid-maturity. As mid-pod represents
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the early stages of P remobilization and seed filling, it is logical that P concentration
throughout the plant would be equal. The correlations noted above for FPSE vs. MPUL,
MPSE, FPLL, and FPUL (ρ = 0.36 to 0.39) are close to moderate, so it would be interesting
to investigate these relationships further in a larger pea population.
Evaluation of the breeding potential for lower PA seeds is a desirable target in the
biofortification of pea [41]. However, our analysis showed no genetic variation between
accessions for PA concentration (Supplementary file 3) and that treatment may have the
largest effect (Supplementary file 3). As PA conversion is a tightly conserved mechanism
[42], little variation should exist with respect to the genes controlling this process. Previous
studies have demonstrated that alteration in the phytic acid pathway can generate plants
with low phytic acid (lpa) [43]. While PA accumulation is under genetic control, there
appear to be multiple mechanisms governing PA storage in seeds, as environmental and
genotype x environment interactions are highly significant in determining PA
concentration in rice, barley, and wheat [44][45][46]. No correlation was evident between
the amount of P in the seed and PA concentration (Figure 4), so considering PA content in
studies of P use efficiency may not be necessary. Overall, these results indicate PA cannot
be controlled through biofortification but only through environmental conditions. Several
accessions had comparable or lower PA concentrations than those previously reported for
low PA pea mutants (Supplementary file 1) [47][26]. The PA concentration of several
accessions was also lower than commercial lines (CDC Bronco and Hampton)
(Supplementary file 1). Thus, low PA mutants may not be necessary to lower PA content
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in seeds, and natural physiological processes may exist that lower conversion rates. More
analysis in a larger population will be needed to confirm these findings.
Finally, broad-sense heritability estimates for P concentrations across tissues and
treatments determined that P concentrations in mid-pod lower leaves (H2 = 0.81 for
treatment 1, H2 = 0.60 for treatment 2) and full-pod seeds (H2 = 0.66 for treatment 1, and
H2 = 0.85 for treatment 2) were heritable under normal and limited P conditions (Table 3).
To our knowledge, these are the first heritability estimates reported for P tissue
concentrations in pea. The P treatment affects heritability estimates due to the genotype ×
environment interaction of the accession and available P in the soil. These results are still
promising, as P acquisition and remobilization traits may be heritable and useful for
conventional breeding for a P use efficient pea line. The finding that full-pod seed
concentration has higher heritability under more limited P conditions is especially
interesting, as breeding for low P tolerant lines is a goal related to P use efficiency.
Selecting for a plant with an increased capacity to transport and store P in vegetative
tissues, such as the lower leaves, and then efficient mobilization of that P during
reproduction to the seed may be possible. A limitation of this study is that it was designed
for observation of remobilization and storage in above ground tissues and does not take
into account the effects of the nodule as a P sink. It will be necessary to incorporate
nodulation and nitrogen fixation in response to P limited environments and the effect on P
remobilization and storage in the future. Additionally, studies to examine genetic diversity
for traits related to phosphorus acquisition efficiency, such as root exudates and
modifications of root system architecture will aid in fully determining the mechanism of
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PUE. A complex interplay of genes is likely responsible for these processes, which will
need to be further elucidated in genetic studies.

Conclusions
Significant genetic variation is evident in pea with respect to P concentrations between
tissues at different stages of maturity under different P treatments. Pea accessions better
able to acquire and remobilize P to younger tissues and seeds to sustain growth under Plimited conditions could be used to develop more P use efficient pea breeding lines.
Additionally, several pea accessions contain low amounts of PA in both treatments
indicating they may be naturally low in PA, which positively impacts human health.
Finally, P concentrations in mid-pod lower leaves and full-pod seeds appear to be heritable,
so breeding pea for P use efficiency in low P environments such as organic agriculture is
possible.
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Table 2.1. ANOVA for combined P concentration of leaf tissues and seeds.
Source of variation

DF

p value

Accession

51

<.0001**

Time

1

<.0001**

Tissue

2

<.0001**

Tissue × Time

2

<.0001**

Accession × Tissue

102 <.0001**

Treatment

1

<.0001**

Accession × Tissue × Time 102 0.0328**
Accession × Time

51

0.0327**

Accession × Treatment

51

0.18476

Error

102 0.8825

** significant at p<0.05
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Figure 2.1. Distribution of P concentrations across tissues, time points, and treatments (a)
Mean total P concentration in lower leaf (LL), upper leaf (UL), and seed (SE) tissues across
both treatments. (b) Average P concentration at mid-pod (MP) and full-pod (FP). (c)
Distribution of P concentrations across the normal P treatment (1) and low P treatment (2).
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Figure 2.2. Variation in P concentration between tissues at full maturity for both
treatments. The x-axes show the 10 accessions with the greatest P concentrations for
treatment 1 (left: a, c, e) and treatment 2 (right: b, d, f) for full-pod lower leaf (FPLL) (a,
b), full-pod upper leaf (FPUL) (c, d), and full-pod seed (FPSE) (e, f).
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Table 2.2. Variation in accessions with respect to remobilization rate under normal and
low P treatments
Accession
125840

137119

179450

179970

250446

261671

280626

293426

393488

393490

411142

413683

Treatmenta

PRE %

1

86.9

2

64.5

1

87.7

2

68.4

1

59.9

2

75.8

1

92.2

2

39.9

1

78.7

2

58.7

1

56.6

2

91.5

1

70.5

2

87.5

1

93.1

2

59.9

1

100.3

2

71.6

1

87.2

2

57.5

1

58.9

2

80.9

1

55.5

2

91.6

64

% Difference
22.5

19.3

−15.9

52.3

20.1

−34.9

−17.0

33.1

28.7

29.6

−21.9

−36.0

Hampton

203069
a

1

81.7

2

51.9

1

96.4

2

98.4

29.7

−1.9

Treatments 1 and 2 correspond to normal and reduced P fertilizers, respectively
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Figure 2.3. Correlations between P concentrations of different tissues at different time
points.
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The histograms in a, c, f, j, o, and u indicate the distribution of mid-pod lower leaf (MPLL),
mid-pod upper leaf (MPUL), mid-pod seed (MPSE), full-pod lower leaf (FPLL), full-pod
upper leaf (FPUL), and full-pod seed (FPSE) P concentrations, respectively. The
scatterplots show the joint distributions for P concentrations between two tissues to
determine a correlation: MPLL vs. MPUL (b), MPLL vs. MPSE (d), MPUL vs. MPSE (e),
MPLL vs. FPLL (g), MPUL vs. FPLL (h), MPSE vs. FPLL (i), MPLL vs. FPUL (k),
MPUL vs. FPUL (l), MPSE vs. FPUL (m), FPLL vs. FPUL (n), MPLL vs. FPSE (p),
MPUL vs. FPSE (q), MPSE vs FPSE (r), FPLL vs. FPSE (s), and FPUL vs. FPSE (t). The
ρ values on the scatterplots indicate the correlation coefficient. The blue shaded regions on
the scatterplots represent the 95% confidence intervals for each correlation.
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Figure 2.4. Concentrations of PA and full-pod seed (FPSE) P for all accessions and
correlation of PA concentration to total P concentration. Plots a and c show the distribution
of P and PA concentration across accessions, with the correlation between concentrations
in b. The % in b indicates the correlation coefficient. The blue shaded regions on the
scatterplots represent the 95% confidence intervals for each correlation.
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Table 2.3. Broad-sense heritability of P concentration in tissues (lower leaf, LL; upper leaf,
UL; seed, SE) at both time points (mid-pod, MP; full-pod, FP)
Tissue Time

a

Treatmenta

H2

LL

MP

1

0.81

LL

MP

2

0.60

SE

MP

1

0.57

SE

MP

2

0.26

UL

MP

1

0.63

UL

MP

2

0.15

LL

FP

1

0.56

LL

FP

2

0.40

SE

FP

1

0.66

SE

FP

2

0.85

UL

FP

1

0.13b

UL

FP

2

−0.08

Treatment 1 and treatment 2 correspond to normal

and reduced phosphorus fertilizers, respectively.
b

variation influenced by replicate over accession
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CHAPTER THREE
PEA (PISUM SATIVUM L.): POTENTIAL FOR NUTRITIONAL BREEDING

Abstract
Pea (Pisum sativum L.) is one of the oldest domesticated crops and is a vital part
of today’s global food system in terms of human and animal consumption. Pea, like many
legumes and pulse crops, has been largely neglected by current plant breeding
approaches, agricultural practices, and policies. High priority has been given to breeding
for yield and disease resistance in staple food cereal crops, such as wheat, maize, and
rice, with little focus on increasing nutritional value and diversification of diets with pea
and other legumes. Consequently, global human health has been impacted with an
estimated two billion people affected by “hidden hunger,” which results from the
underconsumption of micronutrients in the diet. Biofortification is a traditional breeding
strategy that aims to increase the nutritional quality of foods and has garnered increased
interest from the plant breeding community as more realize the adverse effects of cerealbased diets. Pea is an ideal target for biofortification because it is a staple pulse crop and
offers a better amino acid balance than diets based on cereals. The objectives of this book
chapter are to review i) the domestication and basic genetics of pea, ii) current initiatives
in organic production and breeding of pea, and iii) progress related to biofortification, as
well as to consider what research must take place to successfully advance the nutritional
breeding of pea.
Keywords Pea, biofortification, organic breeding, organic production, nutritional quality

70

Introduction
Pea (Pisum sativum L.) is one of the first and oldest domesticated crops, as well as
an essential legume crop for sustainable and organic agriculture. As a legume and pulse
crop, pea can fix nitrogen (N) from the atmosphere to supply to the soil, providing a
sustainable source of N for the subsequent crop. However, almost all crops have been bred
under conventional, high-input conditions, which negatively affect performance under
organic management as no herbicides, pesticides, or chemical fertilizers are permitted.
Consumer interest in organic products and plant-based protein is growing, so organic
breeding of pea is becoming a more attractive and necessary plant breeding goal.
Increasing production and consumption of pea can also positively impact human
health. Past breeding initiatives have almost entirely focused on increasing grain yield in
cereal crops, beginning during the Green Revolution of the 1960s. Over the past 50 years,
cereal production has tripled but pulse crop production has only increased by 60% (Foyer
et al., 2016). By selectively intensifying the production of cereal crops, human nutrition
has been compromised as people are unable to obtain the recommended levels of nutrients
from cereal-based diets. Pea is rich in prebiotic carbohydrates, protein, vitamins, and
minerals, and so is ideal for biofortification to combat ‘hidden hunger’. Hidden hunger is
a term used to describe micronutrient deficiencies due to cereal-dominated diets that do not
provide enough vitamins and minerals to sustain adequate growth and development (Welch
& Graham, 2003). Biofortification is an approach to alleviate hidden hunger through
traditional plant breeding approaches and biotechnology (Welch & Graham, 2003).
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Traditional plant breeding often focuses on yield and disease resistance but ignores
the traits responsible for superior quality and nutrition, in part because these traits are
harder to identify and dissect. However, advances in nutritional breeding can be made using
modern genomic technology, including the development of genetic markers, identification
of quantitative trait loci (QTL), genome-wide association studies (GWAS), and genomic
selection. Pea genomics is limited due to narrow genetic diversity in breeding programs
and inaccessibility to large numbers of diverse germplasm accessions. Additionally,
phenotyping of nutritional traits is often difficult and expensive, decreasing the probability
of identifying the correct candidate genes for nutrition. Thus, an integrated approach from
the breeding community and cross-disciplinary methods are required to further nutritional
breeding research.
The objectives of this book chapter are to review i) the domestication and basic
genetics of pea, ii) current initiatives and the status of organic production and breeding of
pea to outline the way forward for organic-specific varieties, and iii) progress of
biofortification, as well as to consider what research must take place to successfully
advance the nutritional breeding of pea.

Pea (Pisum sativum L.)
Pea is a member of the tribe Fabeae in the Leguminosae family, comprised of the
subfamily Papilionidaea that has two distinct clades: Hologalegina, which first evolved 50
million years ago, followed by Phaseolid, which evolved 45 million years ago (Foyer et
al., 2016). The clade Hologalegina consists of all cool-season legumes, such as pea, lentil
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(Lens culinaris), faba bean (Vicia faba), and grass pea (Lathyrus sativus) (Foyer et al.,
2016). In contrast, the Phaseloids are warm-season legumes, such as soybean (Glycine
max), common bean (Phaseolus vulgaris), mung bean (Vigna radiata), and cowpea (Vigna
unguiculata) (Foyer et al., 2016). Pea was one of the first domesticated crops, originating
from the Middle East (Syria, Iraq, and Iran) approximately 10,000 years ago, and has been
grown in Europe and North America for hundreds of years (Amarakoon et al., 2012;
Kreplak et al., 2019). Pea and other legumes were often intercropped or grown in crop
rotations with cereals, and this is still practiced today.
P. sativum has two wild subspecies populations, identified as P. sativum subsp.
elatius Bieb. and P. sativum subsp. abyssinicum (Warkentin et al., 2015; Holdsworth et al.,
2017). Pisum sativum subsp. sativum was previously considered a wild species and also
known as P. humile and P. syriacum (Zohary & Hopf, 2000; Smýkal et al., 2011; Warkentin
et al., 2015). Cytogenetic evidence indicates most cultivated peas originate from lines
within subspecies sativum, but other wild species are likely to be introgressed into the
germplasm (Warkentin et al., 2015; Holdsworth et al., 2017). Additionally, pea is a
subgroup of Pisum sativum from the variety arvense. Breeding activities of Pisum sativum
have resulted in subgroups within the species, including garden peas, sugar peas, and peas
(Holdsworth et al., 2017). Garden peas are harvested and consumed as a fresh vegetable
that is sold raw, frozen, or canned. Sugar peas have edible pods, meaning they lack a
parchment layer within the pod wall that allows these peas to be consumed with the pod.
Sugar peas consist of snow peas, which have flat pods, and snap peas, which have a round,
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thick pod wall. Peas are harvested for their mature, dry seed, and are primarily used as
human food and animal feed.
Pea and cereals were domesticated at similar times (Smartt, 1990; Zohary & Hopf,
2000), but much less is known about pea domestication. In general, pulse crop
domestication resulted in increased seed size, elimination of dehiscent pods, and a marked
reduction of growth (Smartt, 1990; Zohary & Hopf, 2000; Weeden, 2007). Other
domestication-related traits include decreased basal shoot branching, seed toxins, and
antimetabolites (Smartt, 1990; Zohary & Hopf, 2000; Weeden, 2007). The wild pea species
(P. humile/syriacum, P. elatius, and P. fulvum) have dehiscent pods, meaning the pod splits
open to disperse seed, but this is undesirable for modern cultivation. Pod dehiscence is
primarily controlled by the Dpo gene (Lamprecht, 1957a; Weeden, 2007; Warkentin et al.,
2015). Additionally, wild peas require certain conditions to germinate, defined as seed
dormancy, which can impact grower yield. Genes directly affecting seed dormancy are
unknown, but peas with a mutation for allele a do not produce anthocyanins, which
decreases testa thickness and seed dormancy (Warkentin et al., 2015). The a gene is also
correlated with better tasting seed. The domesticated peas, primarily cultivated from P.
sativum subsp. sativum (Warkentin et al., 2015; Holdsworth et al., 2017), were selected for
non-dehiscent pods and immediate seed germination upon planting. Wild peas have
indeterminate growth, meaning the plant will continuously grow, but the vines are very
thin and cannot support the entire plant, resulting in plant lodging. Almost all modern pea
cultivars have a determinate growth habit that is controlled by the le gene, which results in
a semi-dwarf growth habit (Warkentin et al., 2015). Additionally, modern cultivars have
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the recessive af gene for the greater conversion of leaves to tendrils, which also helps with
mechanical harvest (Warkentin et al., 2015).
Crop domestication does not come without tradeoffs, as selection for certain
adaptations may also confer disadvantages into the gene pool. For example, the a allele
improves the taste but increases susceptibility to Fusarium and Pythium pathogens
(Warkentin et al., 2015). Selection against other genes also increases pest and disease
susceptibility: the removal of Np increases susceptibility to burchid attack, and snap peas
are vulnerable to soil pathogens due to numerous mutations (a, r, p, v, n, and sin)
(Warkentin et al., 2015). However, the total impact of domestication on pea germplasm is
mainly unknown as few evolutionary studies compare wild and modern species.
Additionally, domestication is often viewed within a narrow lens, failing to take into
account how it affects nutritional and ecological traits. For instance, increasing seed size
and yield decreases seed nutritional quality, but no studies have investigated the genomic
evolution of these nutritional traits in pea during domestication. Crop domestication has
influenced plant-microbe interactions (Hale et al., 2014), but no studies have reported this
phenomenon in pea. More integrated approaches are required to fully understand how
domestication has affected pea and to potentially identify beneficial traits that exist in wild
progenitors.

Mendelian genetics
Mendel’s experiments used pea to contribute many important principles to the field
of modern genetics. The genetic diversity of pea was a primary factor in Mendel choosing

75

pea as his model organism, as pea display variation for many traits. Specifically, Mendel
identified seven traits of pea that show phenotypic variation for seed shape (round vs.
wrinkled), color (green vs. yellow), flower color (purple vs. white), flower position
(terminal vs. axial), plant height, pod shape, and pod color (Ellis et al., 2011; Figure 1).
These experiments determined that genes responsible for these traits segregate
independently of one another, becoming the basis for his laws of inheritance. The exact
lines Mendel used are not known, but the genes controlling these phenotypes and their
genomic loci have since been identified. For example, Bhattacharyya et al. (1990)
discovered a transposon-like insertion causes wrinkled pea seeds at the r locus, which
disrupts a starch branching enzyme and leads to malformations from ineffective starch,
lipid, and protein biosynthesis in the seed. Additionally, the green cotyledon pea is caused
by a homozygous recessive mutation at the i locus, which is tightly linked to a stay-green
gene that prevents chlorophyll degradation at senescence (Sato et al., 2007).
The first assembly of the pea genome was completed in 2019 (Kreplak et al., 2019).
The pea genome has seven chromosomes, five acrocentric (3, 4, 5, 6, 7) and two submetacentric (1, 2). Pea has a large, diploid genome size, at 4.45 Gb, and is mostly made up
of repetitive sequences that constitute 76-97% of the genome (Macas et al., 2007; Kreplak
et al., 2019; Flavell et al.,1974). As a result, pea genomic research has been delayed
compared to other legumes such as Medicago trunculata, Lotus japonicus, and Glycine
max (Kreplak et al., 2019). Repetitive sequences in pea and soybean have little sequence
similarity, while pea and Medicago differ in the abundance of repetitive DNA (Kreplak et
al., 2019). Additionally, pea is a self-pollinating crop, which results in high levels of
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inbreeding that can negatively affect genetic diversity within pea germplasm. Inbreeding
has also increased instances of linkage disequilibrium across the genome, determined from
comparisons of wild pea accessions and pea cultivars (Kreplak et al., 2019; Holdsworth et
al., 2017).
Despite the breeding system, genetic diversity still exists in pea germplasm.
Recently, the USDA Pea Single Plant Plus Collection (PSPPC) was analyzed to detect
diversity across global P. sativum populations (Holdsworth et al., 2017). Accessions from
Central Asia (P. fulvum, P. sativum, and P. sativum subsp. elatius) were the most diverse
compared to the breeding germplasm, with two to four times more allelic diversity than P.
sativum subsp. Sativum (Holdworth et al., 2017). The breeding germplasm was the most
genetically similar to P. sativum subsp. sativum, despite this subspecies showing large
variation dependent upon geographical location (Holdsworth et al., 2017). Principal
component analysis (PCA) showed P. sativum subsp. sativum forms a distinct cluster to P.
sativum subsp. elatius and P. sativum subsp. Abyssinicum, indicating high levels of genetic
diversity between subspecies (Holdsworth et al., 2017). Additionally, P. fulvum, a species
of Pisum found only in the Middle East, forms a separate cluster from all other Pisum
subspecies (Holdworth et al., 2017). Because the breeding germplasm shows less diversity
than other accessions, incorporation of alleles from wild progenitors and distinct genetic
groups into breeding lines could be beneficial for cultivar improvement. These accessions
may have alleles that could increase abiotic and biotic stress tolerance if crossed with
breeding lines. However, crossing barriers to modern cultivars may exist due to
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chromosomal rearrangements in wild species, but Afghanistan accessions can be used with
no issues (Weeden, 2007).
Across pea germplasm, morphological traits vary by origin and cultivar,
specifically for flower color, height, leaf type, seed size, pod dehiscence, and parchment
layer in the pod. Wild, undomesticated individuals have indeterminate growth and
dehiscent pods, which have been selected against in modern breeding lines. White flowers,
determinate growth, and semi-leafless leaf type are favored for current cultivars as they
correlate with better taste and ease of harvest. Purple flowers are found in plants without
mutations in the A gene, so they can produce anthocyanins to produce purple pigment.
Additionally, more modern, domesticated cultivars produce much larger seeds than wild
species.
Beyond physical traits, little is known about genetic diversity for biochemical and
nutritional qualities in pea, such as antioxidant activity and micronutrient concentration.
Ozer et al. (2012) report large amounts of variation for protein, crude fat, ash fiber, and
seed starch among 28 pea landraces from Turkey. Additionally, one of the high protein
lines also had increased accumulation of Zn, P, and Mg (Ozer et al., 2012). Another study
of 169 accessions of diverse germplasm shows individuals from eastern Europe have
significantly higher protein, acid detergent fiber, and neutral detergent fiber than western
European and Canadian accessions, which instead have increased amounts of starch as well
as greater yield, seed weight, lodging resistance, and resistance to powdery mildew and
Mycosphaerella blight (Jha et al., 2013). Pea varieties have more total carbohydrates, but
lower amounts of ash, fat, and crude fiber than vegetable peas (Bishnoi & Khetarpaul,
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1993). A study of 10 different colored pea varieties found that darker seed varieties also
show increased levels of total phenolic content and antioxidant activity (Stanisavljević et
al., 2016). Gali et al. (2019) identified single nucleotide polymorphisms (SNPs) associated
with starch and protein concentrations within 135 accessions of pea. However, most studies
investigating diversity in nutritional quality have small experimental populations, so the
full nutritional diversity is yet to be explored. However, the recent assembly of the USDA
PSPPC includes 431 diverse accessions of pea and allows for genomic studies to
investigate nutritional diversity in pea (Holdsworth et al., 2017). Genomic association and
candidate gene studies on large populations are required to further identify and incorporate
nutritional trait loci into breeding programs.

Nutritional breeding
During the Green Revolution, cereal crop yields significantly increased but pulse
crops yields only saw minimal to modest changes. Cultivated land acreage for pea and
other pulse crops has steadily decreased over the past 30 years, resulting in no net gain of
pea production even as yields increased (Stagnari et al., 2017; Foyer et al., 2016; Powers
& Thavarajah, 2019). As the expansion of pea into global markets has been limited, crop
improvement has not been prioritized and yields remain small and unpredictable in
comparison to cereals (Foyer et al., 2016; Stagnari et al., 2017). Furthermore, policymakers
focus more on cereal production in developing countries, which disincentivizes farmers
from growing pea and pulses for income (Foyer et al., 2016; Stagnari et al., 2017). Such
practices have likely compromised human health and nutrition as cereals contain less
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protein and micronutrients than pea, which can lead to nutritional deficiencies and hidden
hunger (Pingali, 2012). For example, iron (Fe) deficiency has increased over 40% since the
Green revolution; approximately 30% of the population experiences zinc (Zn) deficiencies,
30% iodine (I) deficiencies, and 15% selenium (Se) deficiencies; and vitamin A
deficiencies cause more than half a million children to lose their eyesight every year
(Thavarajah et al., 2014). Thus, biofortification and nutritional breeding of pea as a target
to increase human health has seen renewed interest. Biofortification aims to increase the
nutritional value of food crops through conventional plant breeding approaches or
biotechnology. Additionally, pea has low production costs, which increases the availability
of biofortified varieties to a wider range of socioeconomic classes.
Pea is highly nutritious (Table 1), with protein concentrations ranging from 21.2 to
32.9% and total carbohydrate concentrations from 56.6 to 78.6% (Kumar & Pandey, 2020).
Pea has some of the highest concentrations of starch across all legumes (45%) and high
amounts of crude fiber (68%) (Kumar & Pandey, 2020). Additionally, pea is low in fat
(0.8-6.1%) and has a low glycemic index, which can benefit those with type II diabetes
(Marinangeli et al., 2009). For micronutrients, pea is naturally rich in iron (Fe), zinc (Zn),
and magnesium (Mg), providing between 28-68%, 36-78%, and 34-46% of the
recommended dietary allowance (RDA), respectively (Amarakoon et al., 2012).
Importantly, pea is low in phytic acid (4.9-7.1 mg g-1), which is an antinutrient known to
bind to Fe and Zn in the edible seed, reducing overall micronutrient bioavailability
(Amarakoon et al., 2012). Biofortification efforts must consider selection for increased
nutrient bioavailability as well as reduced amounts of antinutritional factors to be
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successful. Incorporation of cultivars that maintain adequate nutrition levels after
processing (freezing and cooking) is also necessary, as this can result, for example, in a
30% decrease in grain zinc composition and a 17% increase in phytic acid-bound zinc
(Poblaciones & Rengel, 2016).
Studies on the biofortification of Fe, Zn, and provitamin A (carotenoids) have
focused on rice (Oryza sativa), wheat (Triticum aestivum), common bean (Phaseolus
vulgaris), maize (Zea mays), sweet potato (Ipomoea batatas), and cassava (Manihot
esculenta) (Pfeiffer & McClafferty, 2007). However, limited biofortification efforts have
been conducted for pea and other pulses, despite these being staple foods for billions of
people in Asia and Africa and one of the cheapest sources of proteins and micronutrients
(Amarakoon et al., 2012; Jha & Warkentin, 2020). Furthermore, most studies concerning
biofortification in pea use small experimental populations and utilize data from one
growing season. Such data are insufficient to determine genetic diversity for micronutrient
acquisition and accumulation or dissect genotype × environment interactions for these
traits (Thavarajah et al., 2014). Other challenges must also be overcome to ensure the
success of a biofortified crop: 1) the crop must be high yielding and profitable, 2) the crop
must alleviate malnutrition symptoms, and 3) the farmer and consumer must be willing to
adopt the biofortified crop (Bouis & Welch, 2010). Thus, biofortification is a crossdisciplinary and complex task.
Strategies for biofortification include breeding approaches to increase
micronutrient accumulation in the edible grain, as well as nutrient acquisition from the soil
to elevate nutritional value. Enhanced internal plant nutrient use efficiency is also
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necessary, as most farmed soils are poor in bioavailable nutrients for the plant, and only
increasing acquisition efficiency may further deplete soils of nutrients; nutrient use
efficiency will ensure plants are able to better allocate nutrients to the grain under limited
soil nutrient conditions. Past biofortification efforts have focused on applying fertilizers to
crops with mixed results (Allaway, 1986; Grunes & Allaway, 1985; Welch, 1986; Welch,
2001); some micronutrient fertilizers have minimal effects on the amount of micronutrient
in the grain due to limited transport capacity in the phloem, as is the case for Fe (Welch,
1999). Furthermore, the distribution and affordability of such fertilizers could hinder
application and success, as some farmers may lack the resources to obtain them; this again
highlights the need for conventionally bred varieties that are able to better access what soil
nutrients are present. Selecting cultivars that form beneficial relationships with plant
growth-promoting microorganisms is one option; for example, pea colonized by
Streptomyces sp. had increased nitrogen fixation, plant growth, and yield, but no nutritional
data were reported (Tokala et al., 2002). Root interactions with microorganisms are also
known to increase the solubilization of soil nutrients under limited conditions, such as
arbuscular mycorrhizal fungi increasing available soil phosphorus (P) under deficient
levels (van De Wiel et al., 2015). Selection for genotypes with increased acid exudation to
solubilize unavailable nutrient complexes from the soil may also be successful (Vance et
al., 2003). In terms of internal nutrient use efficiency, studies in rice show different
genotypes remobilize and store P in the grain at different rates (Irfan et al., 2020). Nutrient
use efficiency studies are limited in peas and legumes and often focus on macronutrients
instead of micronutrients.
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To date, several genomic regions or genetic markers have been developed in pea
for Zn, Fe, Se, and folates (Jha & Warkentin, 2020). Genetic diversity also appears to exist
for folates in pea, but no genomic regions or markers have currently been identified (Han
& Tyler, 2003; Jha & Warkentin, 2020). Current research should focus on identifying
genetic variability and candidate genes for additional micronutrients in pea but may be
hindered by the inability to acquire germplasm. Additionally, as crop improvement has
lagged behind in pea, focusing first on improving yield and resistance to biotic and abiotic
stressors may be necessary to increase production. Pea also lacks the genetic diversity seen
in

other

biofortified

crops,

such

as

maize,

wheat,

and

sweet

potato

(http://www.harvestplus.org). However, biofortification of pulses is possible as several
varieties of high zinc and high iron lentil and bean have been released by HarvestPlus and
the International Center for Agricultural Research in Dry Areas (ICARDA), as well as in
cooperation with local governments such as the Rwanda Agriculture Board (Bouis &
Saltzman, 2017).

Organic production and breeding
Over half of the world’s arable land is dedicated to agriculture, with a total of 71.5
million hectares under organic management in 2018 (Willer et al., 2020). In the United
States, a total of 4.4 million acres were used for organic farms in 2015, representing an
increase of 20% since the previous year but still less than 1% of total farmland in the US
(Driscoll & Ichikawa, 2017). The United States has the greatest market for organic products
but still lags behind numerous other countries in terms of organic farming and production.
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Australia has the most organic farmland worldwide (35.7 million hectares), followed by
Argentina (3.6 million hectares) and China (3.1 million hectares) (Willer et al., 2020). India
has the highest number of organic producers (1.1 million), followed by Uganda (210,000)
and Ethiopia (204,000) (Willer et al., 2020). Additionally, most of the world’s farms are
run by smallholders; of the 570 million farms worldwide, 12% are small farms (<2
hectares) and 75% are family operated (Lowder et al., 2016). Many agricultural soils are
poor in nutrients and farmers may not have access to fertilizers and commercial herbicides,
so most of the farms likely utilize organic practices without certification.
World production of pea steadily increased between 2008 and 2018, with
production climbing from 9.0×106 to 13.5×106 tonnes (FAOSTAT, 2018). The leading
producers of pea as of 2018 were Canada, Russia, China, India, the United States, and
France (FAOSTAT, 2018). Pea are primarily used for human consumption and livestock
feed, as they are cheap to produce and provide a nutrient dense product. In South Asian
countries, pea are often used in soups, snack foods, and milled to pea flour, which can be
used in baked goods, pastas, and other health foods (Khan & Croser, 2004). Smaller market
classes include Dun pea, Marrowfat pea, Maple pea, and Forage pea, used for dhal, snack
foods, as well as bird and animal feed, respectively (Warkentin et al., 2015). Pea is less
popular in Western diets, but can be used as an alternative to animal protein due to the high
protein content (Khan & Croser, 2004).
Little information is available regarding organic production of pea and other pulse
crops. According to the USDA, only about 1.5% of organic land is allocated to organic
pulse production, with acreage only in the thousands. In 2015, approximately 370,000

84

hectares were used for organic production of all dried pulses worldwide, representing less
than 1% of total organic land at that time (https://orgprints.org/31197/1/willer-lernoud2017-global-data-biofach.pdf). The USDA reported in 2001 that organic pea and lentil
were grown on 9,300 acres, with the majority grown in North Dakota; this accounts for
around 2% of all pea and lentil production in the US (https://www.usapulses.org/technicalmanual/chapter-3-production/production). Organic sales have continued to grow in the US,
mostly due to increased demand for organic meat and dairy; thus, it is predicted that organic
pea will be the dominant organic pulse crop as they are often utilized in crop rotations to
improve

the

quality

of

wheat

and

are

used

for

animal

feed

(https://www.usapulses.org/technical-manual/chapter-3-production/production). Legumes
such as pea are vital for organic agriculture, as they fix an estimated 21 Mt of N, returning
5-7 Mt of N to the soil, which saves US farmers $8-12 billion in N fertilizer costs (Foyer
et al., 2016). As a pulse crop, pea have a significantly lower carbon footprint than other
crops; they do not require N fertilizer, the application of which accounts for 75% of carbon
emissions in agriculture (Hillier et al., 2009). Crop rotations with pulses can also lower the
carbon emissions of the subsequently planted crop (Gan et al., 2014). Thus, organicspecific breeding for pea represents an important opportunity to increase the sustainability
of organic farming by incentivizing more farmers to incorporate pea in their fields.
Several challenges must be addressed to increase the production of organic pea
worldwide. First, organic farmers are not allowed to use synthetic herbicides, pesticides,
or fertilizers, which increases crop susceptibility to disease, weed pressure, and nutrient
stress. Pulse crops such as pea have unstable yields due to disease, and organic
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management may increase instances of common pea pathogens such as Ascochyta blight,
Aphanomyces root rot, powdery mildew, bacterial blight, and white mold
(https://northernpulse.com/resources/research/PulseDiseases/CommonDiseases/).
Additionally, conventionally bred varieties of crops often show decreased yield under
organic management from nutrient deficiencies. Pea is a legume that requires more
phosphorus (P) than other pulse crops to form nodules and perform nitrogen fixation,
making P the most limiting nutrient to organic pea. P is a nonrenewable resource, is highly
immobile in soil, and is difficult to replace in organic soils, which can hinder growth, yield,
and nitrogen fixation rates (Mitran et al., 2018). More organic pea seed will be required
due to higher seeding rates to combat weed pressure and maintain yield, which will increase
the costs of production. Failure to expand production and improvement of pea has also
limited pulse markets globally, making organic pea an especially niche market that appeals
to few buyers. Furthermore, markets for edible pulses are extremely sensitive to grain
quality, which can decrease profitability. Academic and industry research related to the
development and breeding of organic pea is lacking; this reduces the ability to expand
production of organic pea despite its growing popularity in health food and livestock feed
markets.
To meet the challenges of organic pea and pulse crop breeding, several organic
breeding targets should be considered to increase productivity and adaptability to organic
management. First, dedicated organic pea and pulse breeding research must be prioritized
to identify suitable genotypes for organic production. Most cultivars are bred under
conventional management conditions, which is a different environment than organic
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management. Organic field trials involving diverse germplasm across multiple locations
and multiple years will be necessary to select for genotypes suitable for organic production.
Utilizing pea diversity collections may help identify new desired traits for organic
production, as advantageous genes may be present in wild progenitors but absent in modern
varieties. Genotypes that have increased tolerance to biotic and abiotic stressors are
necessary to increase yield and survival and under low input organic conditions.
Additionally, genotypes with better nutrient use efficiency, specifically phosphorus use
efficiency (PUE), should be investigated, as phosphorus is the most limiting nutrient to pea
and other pulses in organic systems. PUE genotypes are better able to acquire P from the
soil, as well as utilize P to maintain nitrogen fixation and yield under deficient conditions.
P reserves are predicted to become depleted sometime within the next century, so PUE is
essential to maintain legume production and not compromise human nutrition.
Furthermore, yield must be improved while quality is maintained to enter the market for
human consumption.

Future breeding strategies
Pea production lags behind that of cereal crops by millions of hectares, so breeding
efforts must be made to increase pea yields. Several genetic resources exist for pea,
including the USDA PSPPC, which can be utilized to identify favorable traits to improve
production (Holdsworth et al., 2017). Many grain legume breeding programs suffer from a
lack of diverse germplasm, so the availability of these genetic resources is necessary to
mitigate the challenges of narrow genetic diversity. Pea production has several obstacles it
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must overcome in addition to improving yield; climate change is expected to negatively
impact performance, and the high quality of the grain must be maintained for the crop to
be considered for food markets and to address malnutrition.
Climate change is increasing the amount of CO2 in the atmosphere, which leads to
more carbon gain in C3 plants such as pea, as well as higher temperatures, which accelerate
plant development rates and shorten the growing season. Pea is a winter crop, sensitive to
temperature and photoperiod, so variety development must focus on pea better adapted to
climate change-induced conditions, such as extreme temperature and drought.
Additionally, higher temperatures may negatively affect canopy development,
photosynthetic efficiency, flower and pollen viability, and ultimately seed quality (Sita et
al., 2017). In soybean, yields reportedly decreased by 2-4% per increasing degree, resulting
in losses of $11 billion between 1994 and 2013 (Mourtzinis et al., 2015). Another study in
legumes shows increased CO2 levels have a negative impact on grain Zn, Fe, and protein
concentrations, which will further exacerbate hidden hunger if not addressed (Myers et al.,
2014). The identification of traits in pea compatible with adverse climates, such as earlier
flowering time, as well as greater physiological adaptation to maintain photosynthetic rate
and fertility must take priority. Following physiological and morphological analysis,
genomics-assisted breeding using next generation and whole-genome sequencing can be
used to identify genetic markers and candidate genes for these traits to determine breeding
potential. Additionally, genomic selection in pea shows promise to accelerate yield
improvement based on predictions using animal models but will require a large and diverse
population size (Cowling et al., 2015).
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To improve biofortification efforts of pea, this same genomic approach must be
applied to identify genotypes from diverse germplasm with greater ability to acquire
nutrients from the soil and allocate it to the grain. However, phenotyping nutrient
acquisition and accumulation is difficult, expensive, and often destructive. For example,
plant symbiosis with arbuscular mycorrhizal fungi (AMF) is important for the acquisition
of P under limiting conditions, but studies that measure colonization of AMF in the root
require root excavation and inoculation by researchers under controlled conditions.
Recently, the amount of blumenols present in the shoot was found to positively correlate
with colonization levels of AMF at the root (Wang et al., 2018). Targeted profiling using
this metabolite as a phenotype across diverse germplasm could allow for faster selection
of P efficient genotypes, as AMF colonization allows for higher rates of P acquisition.
Additionally, defining metabolites associated with nutrient use efficiency traits will shed
light on gene networks that may have gone previously undetected through traditional QTL
or GWAS approaches with less robust phenotypes. Better phenotypes will allow for finer
mapping and identification of candidate genes through genomic approaches. Using
metabolomics in combination with transcriptomics and genomics may also aid in breeding
for increased nutrient concentration. In potato, interactions were found between 22
metabolites and 119 gene transcripts, which correlated with higher anthocyanin
concentrations that have various health-promoting properties (Cho et al., 2016). This study
defines a gene network for anthocyanin concentration, allowing for better identification of
gene targets for increasing anthocyanins through breeding. This type of research is still

89

very novel and, to our knowledge, has not been conducted in pea; however, this kind of
integrated approach will be necessary to increase pea biofortification success.

Closing remarks
Pea is an important pulse crop globally, with cheap production costs and greater
nutritional value than cereals. As the world’s population increases, micronutrient
deficiencies will also increase, highlighting the need to breed biofortified varieties of pea
with greater amounts of bioavailable nutrients. Additionally, most of the world’s farms are
owned by smallholders or families who may not have access to fertilizers, herbicides,
pesticides, or machinery to grow pea under the high input conditions for which it has been
bred. Thus, the development and improvement of organic pea varieties are necessary to
ensure adequate production and accessibility, providing food and nutritional security to all
populations. Organic production of pea is also a target for developed countries, such as the
United States, which has the largest organic market in the world but production that lags
behind consumer demand for organic products. Organic pea can increase the nutrition of
livestock as animal feed and also provide a valuable source of plant-based protein to health
food markets. However, breeding for organic and biofortified varieties will take an
integrative approach, using metabolomics, transcriptomics, and genomics to develop better
phenotypes and identify candidate genes for important traits that will secure pea production
as the climate changes and nonrenewable resources, such as P, are depleted. Nutritional
breeding of pea shows promise and will advance as scientists continue to emphasize the
importance of pea for human nutrition and sustainable agriculture.
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Table 3.1. Nutrient composition of green pea
Nutrient
Water (g)
Energy (kcal)
Protein (g)
Total lipid (g)
Ash (g)
Carbohydrate, by difference (g)
Fiber, total dietary (g)
Sugars (g)
Minerals (mg)
Calcium (Ca)
Iron (Fe)
Magnesium (Mg)
Phosphorus (P)
Potassium (K)
Sodium (Na)
Zinc (Zn)
Copper (Cu)
Manganese (Mn)
Selenium (Se) (µg)
Vitamins
Vitamin C (mg)
Thiamin (mg)
Riboflavin (mg)
Niacin (mg)
Vitamin B-6 (mg)
Folate, dietary folate equivalent (µg)
Vitamin A, retinol activity equivalents (µg)
Vitamin E (mg)
Vitamin K (µg)

Amount
8.7
364
23.1
3.9
2.7
61.6
22.2
3.1
46
4.7
63
334
852
5
3.49
0.81
1.2
10.7
1.8
0.72
0.24
3.61
0.14
15
7
0.12
15.9

Source: Original data obtained from the USDA Nutrient Database for Standard Reference
( http://ndb.nal.usda.gov/ndb/foods/show/4823?manu=&fgcd=)
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Figure 3.1. Genetic diversity in !*+,-&+./*0,-1&Pea exhibit genetic diversity in flower
color (A, B) and pod color (C, D, E).
Sources: Holdsworth et al., 2017 (A, B), GRIN (C), Clemson University Pulse Nutrition
and Quality Lab (D, E)
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CHAPTER FOUR
GENOME WIDE ASSOCIATION STUDIES OF MINERAL AND PHYTIC ACID
CONCENTRATIONS IN PEA (PISUM SATIVUM L.) TO EVALUATE
BIOFORTIFICATION POTENTIAL

Abstract
Pea (Pisum sativum L.) is an important cool season food legume for sustainable food
production and human nutrition due to its nitrogen fixation capabilities and nutrient-dense
seed. However, minimal breeding research has been conducted to improve the nutritional
quality of the seed for biofortification, and most genomic-assisted breeding studies utilize
small populations with few SNPs. Genomic resources for pea have lagged behind those of
other grain crops, but the recent release of the Pea Single Plant Plus Collection and the pea
reference genome provide new tools to study nutritional traits for biofortification. Calcium,
phosphorus, potassium, iron, zinc, and phytic acid concentrations were measured in a study
population (n=299) grown under greenhouse conditions, and broad phenotypic variation
was detected for all parameters except phytic acid. Calcium exhibited moderate broadsense heritability (H2) estimates, at 50%, while all other minerals exhibited low heritability.
Additionally, 267 of these accessions were previously genotyped in the Pea Single Plant
Plus Collection release and were mapped to the pea reference genome for the first time.
This study generated 54,344 high-quality SNPs used to investigate the population structure
of the Pea Single Plant Plus Collection and perform a genome-wide association study to
identify genomic loci associated with mineral concentrations in mature pea seed. Overall,
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we were able to identify multiple significant SNPs and candidate genes for iron,
phosphorus, and zinc. These results can be used for genetic improvement in pea for
nutritional traits and biofortification, and the candidate genes provide insight into mineral
metabolism.

INTRODUCTION
In the past few decades, the plant breeding field has primarily focused on increasing
yield in the staple cereal crops rice (Oryza sativa), wheat (Triticum aestivum), and maize
(Zea mays), which now account for most calories consumed worldwide (FAO, 2004).
While cereals are good sources of carbohydrates, they have inadequate protein and
micronutrient levels to sustain a healthy diet, which may contribute to micronutrient
deficiencies termed “hidden hunger” (Pingali, 2012). Biofortification is a strategy to
increase the nutritional quality of food crops through agronomic practices, conventional
plant breeding, and biotechnological approaches (Welch and Graham, 2004; Foyer et al.,
2016). Several successful vitamin and micronutrient-biofortified varieties have been
developed and released for bean (Phaseolus vulgaris), cassava (Manihot esculenta),
cowpea (Vigna unguiculata), lentil (Lens culinaris), maize, pearl millet (Pennisetum
glaucum), sorghum (Sorghum bicolor), sweet potato (Ipomoea batatas), and wheat, with
the most notable release being pro-vitamin A Golden rice (Ye et al., 2000; Saltzman et al.,
2013). However, minimal plant breeding or biofortification research has been dedicated to
pea (Pisum sativum L.) despite its potential to alleviate hidden hunger.
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Pea is a cool-season pulse crop grown primarily for its benefits to soil health,
nitrogen-fixing capabilities, nutrient-dense seed, and affordability for consumers
(Amarakoon et al., 2012; Foyer et al., 2016; Stagnari et al., 2017). Pea provides superior
amounts of protein compared to cereals and has a greater protein concentration than
chickpea and cowpea (Iqbal et al., 2006). Additionally, pea is rich in prebiotic
carbohydrates, fiber, and micronutrients, especially iron (Fe) and zinc (Zn), making it an
ideal candidate for biofortification. Pea breeding efforts have lagged behind those for
cereals, so the potential for increasing nutritional concentrations in pea seed is largely
unexplored (Amarakoon et al., 2012; Foyer et al., 2016; Rehman et al., 2018). A few
studies investigating nutritional variation and the underlying genetic mechanisms have
been reported in pea. Still, these studies have utilized small populations, were conducted
before the release of the pea reference genome and offer little insight into candidate genes
involved in mineral concentration in the seed (Diapari et al., 2015; Ma et al., 2017; Gali et
al., 2018, 2019; Dissanayaka et al., 2020; Jha et al., 2020). Pea is also low in phytic acid
(IP6), an antinutrient that decreases micronutrient bioavailability to humans (Raboy, 2003).
Low phytic acid (lpa) mutants have been created in pea (Raboy et al., 2000; Warkentin et
al., 2012), but whether traditional breeding efforts can affect IP6 concentrations remains
to be investigated. Thus, genomic studies in larger, diverse populations could evaluate the
feasibility of biofortification in pea.
In 2019, Kreplak et al. published the first sequence of the pea genome. The genome
(2n=14) is 4.45 Gb in size and largely repetitive, both of which contribute to the lack of
genomic resources for pea (Kreplak et al., 2019). Pea is a selfing species, resulting in high
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degrees of inbreeding and a lack of genetic diversity compared to other crops, such as
maize or wheat. The USDA Pea Single Plant Plus Collection (PSPPC) was assembled by
Holdsworth et al. in 2017 and specifically designed to capture genetic diversity in pea for
genomic assisted breeding. The PSPPC is made up of 431 accessions of pea that have been
genotyped through genotype by sequencing (GBS), and the collection constitutes multiple
subpopulations (P. sativum subsp. elatius, P. sativum subsp. abyssinicum, P. sativum subsp.
sativum), as well as accessions from Central Asia, representing a novel source of alleles
(Holdsworth et al., 2017). To our knowledge, no genome-wide association studies
(GWAS) for nutritional traits have explicitly used the PSPPC at the time of this publication;
thus, the potential for the PSPPC in biofortification research has not been explored. A
GWAS makes statistical associations between a phenotype and single nucleotide
polymorphisms (SNPs) present in the study population to identify genomic regions and
genes associated with the trait of interest (Huang and Han, 2014). As the PSPPC was
designed to encompass the genetic diversity of pea and is currently one of the largest
collections of pea available for public use, the PSPPC is ideal for GWAS to investigate the
genetic basis of seed nutrient concentration in pea.
By phenotyping seed mineral concentrations in members of the PSPPC, genetic
variation can be analyzed to aid in biofortification research for pea. Additionally, aligning
the GBS data to the reference genome can evaluate the utility of the PSPPC in GWAS for
nutritional traits. Other researchers can use the assembled variant call format (VCF) and
HapMap files to produce a GWAS with a greater number of SNPs. Finally, GWAS can
identify significant SNPs and associated candidate genes with mineral concentration.
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These results can be used to better understand mineral metabolism and accumulation in the
seed. Overall, this study aims to further evaluate the genetic diversity and biofortification
potential of pea, as well as identify any genomic loci related to nutrient concentrations in
mature pea seed that could be used to breed biofortified pea varieties.

MATERIALS AND METHODS
Plant material and growth conditions
A total of 299 P. sativum accessions, comprised of 267 genotyped PSPPC
accessions, 29 non-genotyped accessions, as well as commercial cultivars Cameor,
Hampton, and CDC Bronco, were planted in a complete randomized design with three
replicates at the Clemson University Greenhouse Complex, Clemson, SC, USA. Each
plant was grown in potting soil (SunGro Professional Growing Mix SKU:
SUGR2375003; pH 6.4) under conditions of 16 h day and temperatures of 20-22/18 °C
day/night. All pots were watered to 70-80% pot capacity. A week after planting, all plants
were given 2.84 g of osmocote (14-14-14); an additional starter of Peter’s Professional
20-20-20 fertilizer was given 5 days later. Plants were continuously fertilized with Peter’s
Professional fertilizer every 2 weeks until they were physiologically mature,
approximately 90 days after planting, with the mature seed then harvested.

Mineral analysis
The harvested mature seeds were ground into a fine powder using a KitchenAid
coffee bean grinder and stored in a 4 °C freezer until analyzed. To prepare samples for
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analysis, 200 mg of seed were digested overnight in 4 mL of concentrated nitric acid
(70% HNO3). The seed samples were then heated to 150 °C for 2 h, with 4 mL of
hydrochloric acid (70% HCl) then added to the solution and heated for an additional 1 h.
The digested solution was then filtered through Whatman paper (20-25 µm) and diluted
to 10 mL with deionized H2O. Mineral concentrations of Ca, P, K, Fe, and Zn were
determined by inductively coupled plasma emission spectrometry (ICP-OES; ICP-6500
Duo, Thermo Fisher Scientific, Pittsburg, PA, USA). Standards made from a 1000 mg L-1
stock solution were serially diluted to produce calibration curves from 0.5 to 5.0 mg L-1.
Measurements using this method were validated using lentil and peach as standard
references. Moisture content was analyzed from a random subsample of 28 samples for
each replicate with data averaged to obtain the moisture content for the specific replicate.

Phytic acid (IP6) analysis
Seed samples were prepared using the modified IP6 extraction from Talamond et
al. (2000) and Thavarajah et al. (2009). A 100-mg sample of finely ground seed was
weighed into a 15-mL polysterene conical tube (17 ± 120 mm) with a fitted cap. Then 10
mL of 0.5 M HCl were added to the tube, which was submerged into boiling water (~100
°C) for 5 min. The solution was centrifuged for 3 min and the supernatant transferred into
a separate tube. The IP6 was demultiplexed with the addition of 1.5 mL of 12 M HCl. A
high-performance liquid chromatograph with a conductivity detector was used for IP6
analysis (ICS-5000 Dionex, Sunnyvale, CA, USA). The IP6 was separated with an
Omnipac Pax-100 guard column (8 µm) and quantified by conductivity detection. The
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solvents used for gradient elution were 130 mM sodium hydroxide (A), deionized waterisopropanol (50:50, v/v) (B), and water (C). The flow rate of the gradient elution was 1.0
mL min-1 with a total run time of 10 min. Retention time and peak area were used to
quantify the IP6 in the seed samples. IP6 standards from 10 to 500 mg L-1 were used for
calibration curves, with the detection limit set at 5 mg L-1. The error tolerance was <0.1%
for all laboratory samples. The IP6 phosphorus concentration was calculated using the
weight ratio of P atoms per molecule of IP6 (1:3.56).

Phenotypic and statistical analysis
The distributions of mineral concentration for each accession were visualized
using JMP Pro 14 software (SAS Institute Inc., Cary, NC, USA), and accessions
containing outliers in one or more replicates were identified as 1.5 times the interquartile
range above the upper quartile and below the lower quartile and excluded from further
analysis. Additionally, outliers were defined as accessions with mean values more than 3
standard deviations away from the population mean and were also excluded from the
final dataset (Supplemental file 1). After outliers were removed, broad-sense (H2)
heritability estimates for each mineral were obtained in JMP by determining the ratio of
variance due to accessions divided by the total variance for the phenotype (VG/VP). For
correlation analysis, accessions with missing data in one or more minerals were excluded,
and Pearson’s r estimates were calculated in Python and assigned to correlation
coefficients (ρ). IP6 was excluded from correlation analysis as it forced the exclusion of
numerous accessions that negatively affected the analysis.
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Genotyping and data processing
The PSPPC and P. fulvum (n=456) accessions were previously genotyped using
the GBS method described in Holdsworth et al. (2017). All raw sequencing reads were
retrieved from the National Center for Biotechnology Information (NCBI)
(http://www.ncbi.nlm.nih.gov/bioproject/379298). The raw reads were aligned to the
current pea reference genome (https://urgi.versailles.inra.fr/Species/Pisum) using the
Burrow-Wheeler aligner (Li & Durbin, 2010), with a mean accuracy of 99% of each read
aligned (Supp 1). SNPs were called using the current version of the Genome Analysis
Toolkit (GATK) (https://gatk.broadinstitute.org/), and filtered for quality, missing data,
and minor allele frequency (>0.05) using GATK and BCFtools, prior to genomic
analysis. Beagle version 5.1 was used to impute missing genotype data in the variant call
format (VCF) file assembled from GATK. The final VCF file was converted into the
HapMap format using Tassel version 5.2.52.

Population structure and GWAS
Using the final imputed and filtered VCF file, admixture of the PSPPC+P. fulvum
population was estimated using ADMIXTURE (Alexander and Lange, 2011) and
graphed using R. ADMIXTURE produces a Q matrix containing estimates of ancestry for
each individual tested. The corresponding Q matrix with the lowest cross validation error
was chosen as the most representative of the study population, which was at K=11,
corresponding to 11 distinct subpopulations. The species information was obtained from
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supplementary information from Holdsworth et al. (2017) and assigned to the
corresponding accession in the Q matrix. Accessions with unavailable species
information were annotated as P. sativum in this study for both admixture analysis and
principal components analysis (PCA). The Q matrix was then sorted by the ancestry
coefficients for each subpopulation, assigning individuals with coefficients >50% to the
corresponding subpopulation (Boatwright et al., 2021). Principal components (PCs) were
calculated during analysis with GAPIT (Wang and Zhang, 2020); the first two PCs were
graphed using R and assigned a color based on available species information.
GAPIT was used to perform a GWAS on mineral and IP6 concentrations of
mature pea seed using the HapMap file. The default GAPIT parameters were used, as
well as model selection with Bayesian information criterion, which determines the degree
of population structure that should be accounted for in a model to avoid overfitting. The
BIC analysis determined that inclusion of PCs was not necessary for any of the models. A
mixed linear model with a kinship matrix was selected for analysis to account for
population stratification. The mixed linear models were fit using the following form:
y = Xβ + Zu + e,
where y is a vector of observed phenotypes; β is an unknown vector containing fixed
effects that account for the genetic marker, population structure (Q), and intercept; u is an
unknown vector of random additive effects from background QTLs and individuals; X
and Z are the known design matrices; and e is the unobserved vector of residuals
according to the GAPIT user manual.
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The Bayesian-information and Linkage-disequilibrium Iteratively Nested Keyway
(BLINK) method was also utilized for GWAS of the nutritional traits, as it has high
statistical power and does not assume that causal genes are distributed normally across
the genome, which can lead to false positives and exclusion of causal genes (Huang et al.,
2019). BLINK uses BIC to exclude markers based on linkage disequlibrium (LD), so that
only the most significant markers are reported (Huang et al., 2019). The BLINK models
were fit using the following form:
y = si + S + e
where y is a vector of observed phenotypes; si is a testing marker; S is a pseudo
quantitative trait nucleotide (QTN); and e is the unobserved vector of residuals according
to the GAPIT user manual. Analysis was also conducted using multiple loci mixed
models (MLMM) and compressed mixed linear models (CMLM); the model details and
results are available in Supplementary file ().
Additionally, analysis of variance (ANOVA) testing was conducted to determine
if replicate, date of sample digestion, and date of analysis had any significant (p < 0.001)
effect of the phenotypic variation observed (Supp). If significant effects were observed,
best linear unbiased predictors (BLUPs) were calculated to incorporate each source of
variation for each nutritional trait to be used as the phenotype instead of the mean. The
BLUP models were calculated using the lme4 package in R (Bates et al., 2015) and were
fit using for each accession using the following form:
y = (1 | Taxa) + (1 | Replicate) + (1 | Date of digestion) + (1 | Date of analysis)
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where y is the observed mean and (1 | Taxa, Replicate, Date of digestion, Date of
analysis) represents the effect of the source of variation on the mean (y). A Bonferroni
correction was used to avoid false positives and identify significant SNPs (α=0.05) for
each trait; the Bonferroni correction was calculated as −log10(0.05/54,344) = 6.04 and
used for all studies.

Linkage disequilibrium and identification of candidate genes
Linkage disequilibrium (LD) decay was estimated for each chromosome using
PopLDdecay (Zhang et al., 2019) using MAF=0.05 (Supplememental file 1), and the LD
of significant SNPs was estimated using Plink 1.90b with an LD window of 1000 kb. The
LD of each chromosome decayed rapidly, which is supported by previous studies in pea
(Beji et al., 2020; Gali et al., 2019). For SNPs, LD was considered to decay at r2 <0.1, and
local LD for the significant SNPs of each trait was estimated to be 220 kb, 304 kb, and
211 kb for Fe, P, and Zn, respectively. Genes in local LD with each significant SNP were
identified using custom Python scripts and considered to be candidate genes for mineral
concentration in mature pea seed. Identification of gene function was obtained using
PulseDB of the P. sativum v1a genome (https://www.pulsedb.org/jbrowses), or through
the National Center of Biotechnology Information (NCBI) BLAST tool with Medicago
truncatula, and Glycine max as the reference organisms.
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RESULTS
Mineral analysis of P. sativum accessions
The phenotypic variation of mineral and IP6 concentrations is broad across all
accessions (Table 1) (Figure 1A, C, F, J, O). Pea also appears to provide a good amount
of the recommended daily allowance (RDA) for all minerals (32-76%) except Ca (5%).
Broad-sense (H2) heritability estimates are low for most minerals, with the exception of
Ca (56%) (Table 1). Additionally, analysis using Pearson’s correlation coefficient (ρ)
reveals low to moderate correlations among various nutrients, with the strongest (ρ > 0.5)
correlation noted between Fe and Zn concentrations (ρ = 0.58). A moderate correlation
(0.3 < ρ < 0.5) was observed between P and K (ρ = 0.38).

Population structure analysis of PSPPC+P. fulvum collection and study population
To determine population structure in the GWAS, as well as compare results to the
previous de novo assembly of the PSPPC, admixture analysis and PCA were performed
on the reference-based alignment of the PSPPC population as well as the study
population (Figures 2 and 3). The first two PCs measured in GAPIT each account for
29.89 and 1.89% of the variation, respectively (Figure 2A), with the first PC accounting
for greater variation than the estimate reported in Holdsworth et al. (2017). Additionally,
most of the accessions appearing in the PSPPC and the study population appear to cluster
in the same area (OSU, P. sativum, P. sativum abyssinicum, USDA-ARS, and P. sativum
subsp. sativum–Primary), while the accessions assigned to P. sativum–Central Asia and
P. sativum subsp. elatius appear to exhibit some population differentiation based on their
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separation from the main breeding germplasm (Figure 2A, B). The wild species P. fulvum
is the most different from the other species, forming a single separate cluster (Figure 2A).
These results are supported by the previous report from Holdsworth et al. (2017).
Analysis of population admixture, however, identified 11 ancestral subpopulations within
the PSPPC (Figure 3). Finally, despite P. sativum being a highly inbred species, certain
accessions within the PSPPC have diverse ancestral backgrounds (Figure 3).

GWAS of mineral and IP6 concentrations in mature P. sativum seed
To determine the underlying genetic mechanism of mineral and IP6
concentrations in mature pea seed, GWAS were performed for several minerals and for
IP6. Only 267 accessions from the study population (n=299) were genotyped, so the
GWAS population for each mineral was as follows: P (n=247), Ca (n=229), K (n=257),
Zn (n=248), Fe (n=225), and IP6 (n=175). Phenotypes considered outliers were removed
from the GWAS as were any accessions that did not have available GBS data. All GBS
data for the PSPPC+P.fulvum (n=456) were used to make both the final VCF and
HapMap files to call the maximum number of SNPs. In total 319,141 SNPs were
generated, of which 54,344 high-quality biallelic SNPs were used for the GWAS. A
mixed linear model as well as a BLINK model was used to map BLUPs of each trait to
the P. sativum v1a genome. Significant SNPs (p-value < 9.2 × 10−7) were identified from
the BLINK model for Fe, P, and Zn across all chromosomes (Figure 4), with Fe and Zn
having a majority of significant SNPs on chromosome 5, and P had significant SNPs on
chromosome 3. These SNPs were in local LD with multiple candidate genes (Table 2).
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DISCUSSION
Pea is an important pulse crop for both sustainable agriculture and human nutrition,
as it improves soil health, fixes nitrogen from the atmosphere, and produces a nutrientdense staple that is affordable for consumers of all socioeconomic status (Amarakoon et
al., 2012; Foyer et al., 2016; Stagnari et al., 2017). Pea is high in Fe and Zn, which
represent two of the most common micronutrient deficiencies worldwide (Bailey et al.,
2015). Biofortification is a plant breeding strategy employed in pea to select and breed
varieties with increased nutritional value to alleviate hidden hunger; however, genomic
resources required for nutritional breeding have lagged in pea compared to other crops.
The recent release of the P. sativum reference genome (Kreplak et al., 2019) and the
development of the PSPPC (Holdsworth et al., 2017) present exciting new opportunities to
address nutritional breeding objective in pea breeding programs around the world
The pea accessions used in the study population have broad ranges of
concentrations for all minerals, with little variability in IP6 (Table 1). All ranges and
means are similar to the findings in previous pea research; however, accessions in the
PSPPC have some of the highest Fe concentrations reported (Amarakoon et al., 2012;
Ray et al., 2014; Diapari et al., 2015; Bangar et al., 2017). In particular, accessions
PI_272171, PI_505144, and PI_274307 have the highest mean Fe concentrations at 88.4,
87.7, and 87.6 ppm, respectively (Supp 1). Accession PI_272171 also has one of the
highest Zn concentrations (49.3 ppm), demonstrating the strong correlation between Fe
and Zn (Figure 1I). Positive correlations have been observed for seed Fe and Zn
concentratons in rice and wheat (Sperotto et al., 2010; Morgounov et al., 2006), and
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positive correlations between bioaccessible Fe and Zn in cowpea have also been observed
(Coelho et al., 2021). As the pea accessions in the study are low in IP6 (Table 1), these
results suggest that the Fe and Zn in pea is bioavailable but will need to be confirmed in
separate experiments. Additionally, Fe (H2 = 30%) has the second-highest heritability
estimate among minerals after Ca (H2 = 50%) (Table 1), so selecting for increased Fe
concentration in the seed may positively improve Zn concentration. The moderate
heritability of Ca means that trait improvement could be possible using the high Ca
accessions, as the study population can only provide an estimated 5% of the RDA of
1,000 mg d−1. Moderate correlations are noted between P and K (Figure 1B), and these
interactions have been reviewed in previous research (Xia and Xiong, 1991; Blair et al.,
2013). All other minerals and IP6 have low heritability, suggesting these traits are
predominately influenced by the growing environment rather than genetic factors. In
terms of biofortification, these results suggest that breeding for increased mineral
concentration cannot be accomplished by seed concentration phenotypes alone, especially
as narrow-sense heritability has been reported to be lower than broad-sense heritability
estimates (Banerjee et al., 2012; Messiaen et al., 2012). Quantifying alternative
phenotypes, such as nutrient uptake from the soil and subsequent remobilization to the
mature seed, may improve nutritional quality and provide additional biofortification
targets that may be more successful in breeding programs (White and Broadley, 2005;
Ariza-Nieto et al., 2007; Rehman et al., 2018).
The PSPPC is a collection of pea germplasm specifically assembled and
genotyped to represent the genetic diversity within P. sativum as a source of novel alleles
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for breeding programs (Holdsworth et al., 2017). The PCA of the PSPPC (Figure 2A) is
consistent with the PCA reported in Holdsworth et al. (2017), with all germplasm apart
from P. fulvum, P. sativum–Central Asia, and P. sativum subsp. elatius clustering
together across the first two PCs. Further analysis also showed that P. sativum – Central
Asia separates further from the breeding germplasm when plotting PC1 against PC3
(Supplemental file 2). Overall, the PCA plots indicate that P. sativum–Central Asia and
P. sativum subsp. elatius accessions are the most divergent from the other accessions in
the GWAS population; P. sativum–Central Asia appears to have little within group
diversity while P. sativum subsp. elatius is a diverse subpopulation (Figure 2A, B, Supp
2). Additionally, the admixture analysis (Figure 3) revealed that the PSPPC has 11
distinct subpopulations with diverse ancestral backgrounds, indicating that there is within
group diversity among the subpopulations. While ancestral and genetic variation exist in
the PSPPC, the addition of more diverse accessions could improve the breeding and
association mapping potential of the PSPPC.
The PSPPC is also intended to be used as germplasm to improve trait mapping
and genomic-assisted breeding in pea (Holdsworth et al., 2017). At the time of the
PSPPC publication, the P. sativum reference genome was unavailable, thus all GBS data
were utilized in a de novo assembly. As GBS data produce short reads, de novo assembly
cannot scaffold across the large, highly repetitive sequences of pea, resulting in gaps,
missing data, and an incomplete assembly that is not truly representative of the genome
(Liao et al., 2019). This study is the first to align the PSPPC GBS data to the reference
genome to produce a robust GWAS in pea. This study is also significant in pea nutritional
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research, as it has the largest study population used in any GWAS related to nutritional
traits with the largest number of high-quality SNPs (Gali et al., 2019; Dissanayaka et al.,
2020; Jha et al., 2020). Both the VCF and HapMap files can be used by other pea
researchers, and the addition of SNPs from other genotyped lines will greatly improve
GWAS resolution and accuracy in pea research.
Using GWAS with a BLINK model, we were able to identify 6 significant SNPs
for Fe on chromosomes 2, 5, 6, and 7; 2 significant SNPs for P located on chromosome 3;
and 5 significant SNPs for Zn on chromosomes 3, 5, and 6 (Figure 4). A comparison
between the MLM and Blink models is shown in Figure 4 to further observe the
increased statistical power of the Blink model for identifying SNPs in smaller population
sizes. GWAS relies upon large sample sizes to achieve statistical power (Balding, 2006),
which is most likely why the MLM-based approach failed to identify significant SNPs for
mineral concentrations, as our mean population size was n=230. Additionally, both
models identify some of the exact same SNPs, such as S5LG3_65230721 for Fe,
S3LG5_206775043 for P, and S5LG3_256930192 for Zn (Supplemental file 3). The pvalues and significance for each SNP is likely to change between models, as both use
different methods to determine statistical association with phenotypes; however, as both
of these models identify SNPs in the same region, it supports our results that the most
significant SNPs related to mineral concentration are found in these loci. Additionally, a
peak on chromosome 3 was also identified on chromosome 3 for K concentration
(Supplemental file 2), and significant SNPs would likely be identified in that
chromosomal region if more samples were included to increase statistical power. The
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results were consistent across all models used (MLM, MLMM, CMLM, and Blink) for all
mineral concentrations (Supplemental file 2), to further supporting our findings.
Multiple candidate genes were identified in local LD with the most significant
SNP (p < 9.2 × 10−7) for Fe, P, and Zn (Table 2). Of the 10 candidate genes associated
with SNP S5LG3_65230721 for Fe, Psat5g034720 was identified as an ATP-binding
cassette 1 (ABC1) family mRNA, which is a gene family that’s involvement has been
observed in the assembly of Fe-S clusters and iron homeostasis in Arabidopsis
(Arabidopsis thaliana) (Moller et al., 2001; Xu and Moller, 2004; Xu et al., 2005; Li and
Lan, 2017). Another study in Arabidopsis found that mutants which lacked two ABC1
protein kinases accumulated increased amounts of ferritin and superoxides across tissues,
and demonstrated reduced tolerance for oxidative stress, providing further evidence for
the roles of the ABC1 gene family in relation to iron metabolism and stress response
(Manara et al., 2014). Of the 5 candidate genes identified for Zn, Psat5g070480 was also
identified as a transmembrane ABC transporter in LD with SNP S5LG3_128102170.
ABC transporters have been implicated in Zn homeostasis based on gene ontology
analysis in Arabidopsis (Hall and Williams, 2003; Broadley et al., 2007). An additional
10 candidate genes were identified in local LD with SNP S3LG5_44073760 related to P
seed concentration. The gene Psat3g019520 corresponds to a WRKY DNA-binding
domain, and WRKY transcription factors are well characterized in their involvement in
plant stress response (Bakshi and Oelmüller, 2014; Jiang et al., 2016). A study in rice
found that overexpression of OsWRKY74 increased root and shoot biomass, as well as P
concentration in rice grown under Pi deficient conditions, implicating roles of WRKY
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transcription factors in modulating P uptake and translocation from the soil (Dai et al.,
2016). Another study in Arabidopsis found that AtWRKY42 is involved in Pi
homeostasis by regulating the expression of PHO1 and PHT1 in response Pi availability
in the soil (Su et al., 2015). More studies are necessary to elucidate the role of these
candidate genes on mineral seed concentration, such as those generating knock-out
mutants for these candidate genes to determine their effects on nutrient metabolism and
to observe how mineral concentration changes in their absence.

CONCLUSION
In summary, this study shows great variation in pea in terms of mineral
concentrations but minimal variation for IP6. Mineral concentrations appear to be
predominately influenced by environmental factors, with the exception of Ca which
shows moderate H2 estimates. These findings suggest alternative phenotypes besides seed
concentration should be considered for biofortification research in pea, such as those that
consider mineral uptake, mobilization, and accumulation of final mineral concentration.
Additionally, the PSPPC is genetically diverse, and a good resource for genomic research
in pea. Finally, candidate genes for Fe, P, and Zn concentration have been identified
through GWAS, and their roles could be further characterized through additional
molecular studies. Overall, this research contributes to our understanding of nutritional
traits and the future of biofortification and genomic research in pea.
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Data availability
All scripts and the VCF and HapMap used for this project are available at
https://github.com/selizpowers/GWAS.
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Table 4.1. Ranges, means, recommended daily allowance percentage (%RDA), and broadsense heritability (H2) estimates of mature seed concentrations of each nutrient for all
accessions
Mineral
P (n=268)
K (n=279)
Fe (n=247)
Zn (n=269)
Ca (n=245)
IP6 (n=184)
a
b

Range (ppm)
3973.8-6623.8
9375.1-15809.2
30.7-88.4
22-52.4
223.5-1038.4
9.7-13.8

Mean (ppm)a
5269.4 ± 29.67
12286.6 ± 71.44
58 ± 0.69
37.6 ± 0.34
558.46 ± 10.4
11.71 ± 0.05

%RDAb
75%
36-47%
32-73%
34-48%
5%
-

H2 (%)
23
15
30
28
50
-

Mean concentrations presented for three replicates ± standard error
%RDA for males and females ages 31-50 according to NIH guidelines

(https://ods.od.nih.gov/HealthInformation/Dietary_Reference_Intakes.aspx)
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Figure 4.1. Distribution and correlations of minerals in mature pea seed (n = 222). The
distributions of mean concentrations for P (A), K (C), Fe (F), Zn (J), and Ca (O) are
depicted in each histogram. The scatter plots show Pearson coefficients (ρ) between
minerals: P vs. K (B), P vs. Fe (D), P vs. Zn (G), P vs. Ca (K), K vs. Fe (E), K vs. Zn (H),
K vs. Ca (L), Fe vs. Zn (I), Fe vs. Ca (M), and Zn vs. Ca (N). The blue shaded regions on

133

the scatterplots represent the 95% confidence intervals for each correlation. Accessions
missing data for one or more minerals were excluded.

Figure 4.2. Principal component analysis (PCA) of the PSPPC and the accessions used
for GWAS. (A) PCA plot for PSPPCi!1&2,30,- population (n=456), with each colored
dot corresponding to a different subpopulation of PSPPCi!1&2,30,-. (B) PCA plot
showing the subpopulations of the accessions used in the GWAS for nutrient
concentration (n=267). Accessions from the OSU and !1&2,30,- subpopulations were not
included in the study population. Accessions with unavailable population information
were labelled as !1&+./*0,-1&
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Figure 4.3. Genome-wide, population admixture analysis of the PSPPC+!1&2,30,population. The individuals are shown as vertical bars along the x-axis and have been
given a unique color(s) based on the proportion of estimated ancestry (y-axis) for each
distinct ancestral population (K = 11). Accessions with unavailable population
information were labelled as !1&+./*0,-.
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Figure 4.4. GWAS for Fe (A, B), P (C, D), Zn (D, E), based on the analysis of 54,344
SNPs. The −log10 p-values (y-axis) are plotted against the position of each chromosome
(x-axis), where each circle represents an SNP.
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Table 4.2. Candidate genes in local LD with the most signicant SNPs for mineral seed
concentration identified through GWAS
SNP_GROUP
S5LG3_65230721

S3LG5_44073760

P-val
1.9e-27

4.3e-10

Mineral

CHR

Fe

5

P

3

SNP_POS
65230721

44073760

GENE_ID
Psat5g034720
Psat5g034760

ABC1 family mRNA
GAGA binding protein-like famly
mRNA

Psat5g034800

Inorganic pyrophosphatase 2*

Psat5g034840

Protein phosphatase 2C

Psat5g034880

eIF2A

Psat5g034920

Twin BRCT domain

Psat5g034960
Psat5g035000

Dicer dimerisation domain
Pentotricopeptide repeatcontaining protein

Psat5g035040

Unknown

Psat5g035080

Carbon-nitrogen hydrolase

Psat3g019520

WRKY DNA-binding domain

Psat3g019560

Unknown

Psat3g019600

PAPA-1 like conserved region

Psat3g019640

CP12 domain

Psat3g019680

PPR repeat family

Psat3g019720

Serine carboxypeptidase
Fact complex subunit
(SPT16/CDC68)

Psat3g019760
Psat3g019800

S5LG3_128102170

1.5e-11

Zn

5

128102170

Psat3g019840

Prolyl oligopeptidase family
GDSL/SGNH-like Acyl-Esterase
family found in Pmr5 and Cas1p

Psat3g019880

SET domain

Psat5g070360

COP1 interacting protein 7*

Psat5g070400

SET domain

Psat5g070440

Peptidase family C78
ABC transporter transmembrane
region

Psat5g070480
Psat5g070520
*GeneINFO obtained through BLAST with Medicago truncatulata
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INFO

Unknown
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Appendix A
Supplementary information for chapter two
Table A-1. r2 of model used to determine sources of variation of P concentration across
pea tissues
Statistic
Value
r2

0.93

r2 adjusted
Root mean square error
Mean of response
Observations

0.87
648.48
2417.8
1247

Table A-2. ANOVA table for model used to determine sources of variation of phytic acid
concentrations in mature pea seed

Source
Accession
FPSE
Treatment
Rep
Accession*Treatment
Accession*Rep
Rep*Treatment

Nparm

DF

39
1
1
1
39
39
1

39
1
1
1
39
39
1

Sum of
Squares
3313.6347
78.7572
276.9343
87.9252
2766.1886
3271.5199
3.9764

F Ratio

Prob > F

0.8849
0.8202
2.8841
0.9157
0.7387
0.8736
0.0414

0.6467
0.3711
0.0981
0.3450
0.8225
0.6610
0.8399

Table A-3. r2 of model used to determine sources of variation for phytic acid
concentration
Statistic
Value
r2
0.733484
2
r Adjusted
-0.16231
Root Mean Square Error
9.799051
Mean of Response
21.0519
Observations (or Sum Wgts)
158
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Appendix B
Supplementary information for chapter four

Figure B-1. Manhattan plots for MLM and Blink models of Ca (A, B), IP6 (C, D), and K
(E, F) concentration.
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Figure B-2. QQ-Plots for Blink and MLM model for Fe (A, B), P (C, D), and Zn (E, F).
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Figure B-3. Manhattan plots for CMLM and MLMM model for Fe (A, B), P (C, D), and
Zn (E, F).
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